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ABSTRACT OF THE DISSERTATION
Engineering natural competence into the fast-growing cyanobacterium
Synechococcus elongatus UTEX 2973
by
Kristen Wendt
Doctor of Philosophy in Biology and Biomedical Sciences
Molecular Genetics and Genomics
Washington University in St. Louis, 2020
Professor Himadri Pakrasi, Chair
Synechococcus elongatus UTEX 2973 is the fastest growing cyanobacterium discovered to date.
Using water, carbon dioxide, and light alone, this organism can double in 1.5 hours under optimal
conditions. The accelerated doubling exhibited by Synechococcus 2973 makes it a prime candidate
to serve as a model photoautotrophic system. However, Synechococcus 2973 lacks one highly
desirable feature: it cannot undergo natural transformation. This thesis seeks to engineer this
capacity into this fast-growing system in order to create an organism that is both fast growing and
naturally competent. Synechococcus 2973 is a unique platform because it is >99% genetically
identical to another model cyanobacterium, Synechococcus elongatus PCC 7942, which is
naturally transformable. However, this sister system grows much slower (doubling in 4 hours
under optimal conditions). In this thesis, a CRISPR/Cas genome editing system was developed for
cyanobacteria to allow polymorphic alleles from Synechococcus 7942 to be substituted into
Synechococcus 2973 to introduce natural competence to the fast-growing strain. After developing
this system, this strategy was used to identify the loci that give rise to the accelerated growth
phenotype. Additionally, RNA-sequencing analysis was performed to identify transcriptome

x

differences between Synechococcus 2973 and Synechococcus 7942. With this information in hand,
further analysis was performed to identify specific polymorphic loci that give rise to differential
natural competence between the two strains. This approach identified two genetic loci that are
required to introduce natural competence into Synechococcus 2973: structural transformation pilus
component pilN and circadian transcriptional master regulator rpaA. Unfortunately, this
engineered strain grew at a reduced rate (doubling in >4 hours), therefore, a directed evolution
strategy was used to select against slow growth and to ultimately generate the Synechococcus
2973-T strain. This strain is both fast-growing and naturally transformable and will be an asset for
researchers seeking a photoautotrophic model system with these features.
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Chapter 1
Introduction

This chapter was adapted from:
Wendt, K.E. and Pakrasi, H.B. (2019). Genomics Approaches to Deciphering Natural
Transformation in Cyanobacteria. Front. Microbiol. 10:1259.
Chapter Contributions:
All data presented in this chapter were generated by KEW.
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1.1 Transformation in Cyanobacteria
Cyanobacteria are oxygenic photosynthetic microbes that are promising platforms for
bioproduction of fuels, chemicals, and feedstocks. Using water, simple salts, CO2 and sunlight
alone, cyanobacteria can make these valuable bioproducts in a carbon-neutral manner. These
organisms can be engineered to direct energy harvested from the sun into the synthesis of valuable
chemicals. Some cyanobacteria have already been genetically modified to produce useful
compounds that serve as biofuels, therapeutics, herbicides, and insecticides. Additionally, these
organisms are favored model systems for investigating cellular processes including
photosynthesis, nitrogen fixation, bacterial cell differentiation, and secondary metabolite
production (Knoot, et al., 2017, Shih, et al., 2013). Although there are many aspects of
cyanobacterial biology that provide exciting opportunities for biological research, the absence of
a rapid and straightforward genetic modification system hinders research efforts to understand
some of the fascinating nuances of cyanobacterial physiology. Additionally, many species with
the potential to synthesize valuable products cannot yet be developed for this task; the inability to
genetically modify these organisms limits their potential to serve as efficient biological factories.

There are several methods to engineer new DNA sequences into cyanobacterial genomes that have
been developed with varying success across cyanobacterial species. Conjugal transfer has been
successfully demonstrated in many species of cyanobacteria, and has enabled genetic manipulation
in several species of bacteria that are experimentally recalcitrant to other transformation methods
(Koksharova and Wolk, 2002). Many species in the unicellular diazotrophic Cyanothece genus,
for example, have proven difficult to transform despite experimental efforts (Liberton, et al.,
2019). With conjugal transfer, DNA is transformed into a bacterial strain that is capable of
2

transferring the donor DNA to a secondary bacterial strain via a cellular structure known as a sex
pilus. The sex pilus connects the donor and recipient strains and allows the transforming DNA to
be transferred between cells. One drawback of conjugal transformation is that it is contingent upon
the successful amplification of plasmid constructs in a donor bacterial strain. Unfortunately, some
cyanobacteria-specific genomic sequences, including components of the photosynthetic apparatus,
are toxic to the most commonly used donor bacterial strain, Escherichia coli (Golden, et al., 1986,
Nagarajan, et al., 2011).

Additionally, transfection of cyanobacteria by electroporation has been demonstrated in
cyanobacteria. With this approach, cells are treated with electrical shocks to disrupt their cell walls
and allow entry of donor DNA. Although this method does not require passage of donor DNA
through another bacterial strain, past studies have suggested that electroporation is inefficient and
requires large amounts of DNA (Thiel and Poo, 1989, Toyomizu, et al., 2001). Furthermore, the
extracellular polysaccharide layers found in some cyanobacterial species are physical barriers for
entry of the DNA into the cell (Stucken, et al., 2012). A few cyanobacterial species have been
experimentally demonstrated to be capable of undergoing transformation via electroporation
(Koksharova and Wolk, 2002, Stucken, et al., 2012, Tsujimoto, et al., 2015). Recent advances in
microfluidics technology have allowed electroporation experiments to be optimized on a larger
scale than was previously feasible (Madison, et al., 2017). This technology may enable genome
modification in some cyanobacterial species in the future. Moreover, there are a couple of
published instances of success with biolistic transformation (Stucken, et al., 2012, Takeyama, et
al., 1995).

3

Natural transformation is a method of active DNA uptake that is relatively uncommon across
bacteria. Although hundreds of species of cyanobacteria have been cultivated, only a few have
been naturally transformed experimentally (Onai, et al., 2004, Porter, 1986, Trehan and Sinah,
1981). Therefore, these select species have become widely used as model systems. In natural
transformation, a cell forms extrinsic pili that capture extracellular DNA and bring the it into the
cell. Natural transformation provides unique advantages over the previously mentioned
transformation strategies. One benefit of natural transformation is that linear PCR fragments can
serve as donor DNA, bypassing the need to transform donor DNA into E. coli (Kufryk, et al.,
2002). Additionally, this approach is quite versatile for labs that do not the resources to do
electroporation.

It is important to note that even with these varied approaches, a relatively small number of
cyanobacteria have been proven to be capable of transformation. The advent of whole genome
sequencing technology and advances in technology to perform large-scale experiments has
provided new opportunities to better understand transformation in cyanobacteria. These new
techniques have advanced the field, but there are remaining gaps in knowledge about
cyanobacterial biology. This thesis seeks to investigate natural transformation in one particular
species in an effort to better characterize the process across cyanobacteria.

1.2 Cyanobacterial Natural Transformation
Originally, efforts to understand natural transformation in cyanobacteria focused on identifying
strains that could be transformed with naked genomic DNA. From these studies, three species have
emerged as model systems that are consistently capable of efficient natural transformation. These
4

species are Synechococcus sp. PCC 7002, Synechococcus elongatus PCC 7942, and Synechocystis
sp. PCC 6803 (Koksharova and Wolk, 2002). Even though new strains of cyanobacteria continue
to be deposited in culture collections, there have only been a few further reports of successful
natural transformation in this group of organisms, including studies in Nostoc muscorum,
Thermosynechococcus elongatus BP-1, Thermosynechococcus vulcanus, Microcystis aeruginosa
PCC 7806, and recently, Synechococcus elongatus PCC 11801, and Synechococcus elongatus PCC
11802 (Damini, et al., 2020, Jaiswal, et al., 2018, Onai, et al., 2004, Trehan and Sinah, 1981,
Verma, et al., 1990).

The early experiments that identified naturally transformable cyanobacterial species employed a
simple, but effective experimental setup. Genomic DNA was isolated from mutant lines that were
generated under selective growth conditions. The mutant DNA was subsequently isolated and used
to transform wild-type cells of the same species; transformants were isolated by cultivating cells
on selective medium (Grigorieva and Shestakov, 1982, Shestakov and Khyen, 1970, Stevens and
Porter, 1980). Although this method provides valuable information about whether the natural
transformation machinery is functional in a species, it does not determine whether transformation
is possible with DNA that does not originate from a cyanobacterial cell in the same species. In
modern practice, it is common to use donor DNA that is isolated from E. coli or synthesized with
PCR for natural transformation. Although the initial experiments to identify species that are
naturally transformable were relatively simple, more recent experiments have been performed to
better characterize individual components of the cyanobacterial DNA-uptake mechanism.

5

1.3 Mechanism of DNA Uptake
A Type IV-like pilus facilitates the DNA-uptake step of natural transformation in cyanobacteria
and this structure has been well characterized in other naturally transformable Gram-negative
bacteria (Johnsborg, et al., 2007). The mutational studies that have been performed on components
of the pilus apparatus in cyanobacteria show that the transformation pilus and motility pilus share
some of the same protein components in the cyanobacterium Synechocystis sp. PCC 6803
(Schuergers and Wilde, 2015). Applying the knowledge that has been gained through more
extensive studies in other species to cyanobacterial genomic and experimental data, a preliminary
model of the cyanobacterial transformation pilus can be compiled, as shown in Figure 1.1.

6

Figure 1.1. The DNA uptake apparatus in Synechocystis sp. PCC 6803. DNA enters the
periplasm through an outer membrane pore composed of PilQ subunits. The double stranded
DNA is then converted to single-stranded form prior to traversing the inner membrane pore,
which is composed of ComE subunits. S-Layer is the surface layer, OM is the outer membrane,
PP is the periplasm, PG is the peptidoglycan layer, and IM is the inner membrane.
The transformation pilus is a retractable appendage comprised of PilA monomers (Bhaya, et al.,
2000). Prior to polymerization, PilA monomers are modified by the PilD protein, which cleaves
off a leader sequence from pre-pilin PilA monomers (Bhaya, et al., 2000, Nunn and Lory, 1991).
The motor proteins PilB and PilT are used to extend and retract the arm, respectively, via
polymerizing and depolymerizing PilA subunits (Nakasugi, et al., 2007, Okamoto and Ohmori,
2002, Yoshihara, et al., 2001). The outer membrane pore through which the pilus extends is
composed of PilQ monomers and the inner membrane pilus anchor is a combination of PilC, PilM,
PilN, and PilO subunits (Bhaya, et al., 2000, Chen, 2007, Yoshihara, et al., 2001). Additionally,
there are proteins that facilitate the transfer of DNA through the inner membrane into the
cytoplasm including ComA, ComE, and ComF (Nakasugi, et al., 2006, Yoshihara, et al., 2001).
Moreover, there are several other proteins in Synechocystis sp. PCC 6803 (PilJ, PilL-C, and Hfq)
that are involved in natural transformation, but their roles in this process are poorly defined
(Dienst, et al., 2008, Yoshihara, et al., 2002).

Type IV pili have been the object of many scientific investigations because of their involvement
in a large variety of cellular processes including twitching motility, virulence, and cellular
adhesion (Craig, et al., 2004). However, because of the complexity of these structures and their
dynamic nature, there is still much to be learned about these important appendages. Recent electron
cryotomography studies on whole cells have provided significant insight on Type IV pilus
assembly in the bacterium Myxococcus xanthus (Chang, et al., 2016). This study was able to piece
7

together the assembly of Type IV pili in part because of the large size of the organism, 6 µm in
length (Koch, et al., 2011). Unfortunately, a study such as this would not be possible in
cyanobacterial cells with current technology because the cell size is so much smaller, 2 µm
diameter for Synechocystis 6803 (Liberton, et al., 2006). However, there does seem to significant
homology between Type IV pilus proteins across bacteria. It is currently unknown how closely
related the Type IV-like transformation pilus is to a classical Type IV pilus, but deletion studies in
the model cyanobacterium Synechocystis 6803 have revealed that many of the proteins are shared
in cyanobacteria (see studies cited for individual pilus components above).

1.4 Donor DNA Processing in the Cytoplasm
After entering the cytoplasm, the single-stranded DNA can undergo various fates depending on
genomic homology and methylation. Donor DNA that is fated to undergo chromosomal integration
is bound by dimers of the DNA protection protein DprA (Dubnau, 1999). Subsequently, the DNA
can undergo chromosomal integration via double homologous recombination. When double
homologous recombination occurs, the protected single-stranded donor DNA is bound by RecA,
which performs the search for genomic homology. If a homologous genomic region is identified,
the RuvAB complex stabilizes the Holliday junction and catalyzes branch migration (CassierChauvat, et al., 2016). RuvC then cleaves DNA strands to resolve the Holliday junction.

There are reports of successful natural transformation with RSF1010-based replicating plasmids
(Mermet-Bouvier, et al., 1993). Although the details of the process remain obscure, one
explanation for how this occurs is that complementary strands of a linearized replicating plasmid
enter the cytoplasm in separate uptake events and hybridize (Lorenz and Wackernagel, 1994). The
8

recipient cell’s native DNA synthesis machinery would then in the single-stranded gaps to
reconstruct an intact plasmid. Additionally, methyl decorations on the incoming strand are copied
to the newly synthesized strand during this process. Reported transformation efficiencies with
replicating plasmids are quite low, and it is unclear whether the plasmid is actually reconstituted
in vivo or instead the plasmid integrated into the chromosome in a non-specific manner in these
instances.

1.5 Natural Transformation Proteins Across Cyanobacteria
Using this model for the transformation pilus, we proceeded to analyze 345 cyanobacterial
genomes to determine the prevalence of individual protein components across the genus as seen
in Table 1.1 (Pakrasi and Wendt, 2019).

Table 1.1. Annotation-based natural transformation gene analysis suggests that the majority of
species have at least one copy of each of the genes known to be necessary for transport of
extracellular DNA into the cytoplasm.

As expected, the species of cyanobacteria known to be naturally transformable appear to have a
complete set of the known transformation pilus structural and assembly genes (Pakrasi and Wendt,
2019). Admittedly, there may be other genes that are essential to DNA-uptake in cyanobacteria
that have not yet been identified and thus could not be included in this analysis. Overall, this
9

analysis suggests that around seventy percent of species have a complete set of the genes needed
to transfer DNA through the outer membrane. Furthermore, one recent genomics study in
cyanobacteria has cataloged the genes that are involved in natural transformation post entry of the
DNA into the periplasm in a similar manner (Cassier-Chauvat, et al., 2016). The data from the
genomic analysis of components involved in the transfer of DNA from the periplasm to the
cytoplasm (com genes) have also been integrated into Table 1.1 Interestingly, there were anomalies
in the genomic analysis that are worth mentioning. For instance, cyanobacteria are gram-negative,
but the ComA protein more closely resembles the version of the protein found in gram-positive
bacteria with (unpublished data). In gram-negative bacteria, this protein is typically soluble as
opposed to being membrane-anchored (Chen and Dubnau, 2004). Efforts to experimentally
transform most of the organisms included in this analysis are yet to be performed. But these data
suggest that many of these organisms have all of the genetic machinery that is known to be
necessary for natural transformation.

If natural transformation becomes possible for these lesser-studied species, there will be many
opportunities for novel scientific investigations. However, if the transformation pilus is nonfunctional in these species, it poses an interesting evolutionary question for why these numerous
genes have been preserved over millennia. In either case, experimental analysis will provide
further insight on natural transformation in cyanobacteria.

1.6 Donor DNA Evasion of Restriction Modification Systems
Restriction Modification (RM) systems are abundant and diverse in cyanobacteria. Additionally,
the complexity of the RM system seems to be negatively correlated with natural transformability
10

(Flores, 2008). Comparative bioinformatics analysis reveals that the three model organisms that
are naturally transformable have modest RM systems compared to those of most other
cyanobacterial species (Zhao, et al., 2006). Moreover, the fact that these three species are all
unicellular and not filamentous does not appear to be coincidental. For cyanobacterial species,
more complex cellular morphologies and physiological functions seem to correspond with more
advanced RM systems. Interestingly, one study has demonstrated that exposing donor DNA to
indigenous methylases prior to transformation increases efficiency in Synechocystis sp. PCC 6803
(Wang, et al., 2015). Furthermore, it has been suggested that exposing the transforming fragments
to the appropriate complement of restriction methylases prior to transformation may enable natural
transformation in other cyanobacterial species with donor DNA that does not originate from a cell
of the same species (Stucken, et al., 2013). Additionally, a recent study has demonstrated increased
transformation efficiency with linear donor DNA fragments by treating cells with an exonuclease
inhibitor (Almeida, et al., 2017). With annotated genome sequences readily available, identifying
the appropriate suite of restriction modification enzymes is a newly achievable task. Amplifying
donor DNA in engineered bacterial strains that methylate the construct to resemble the native DNA
of the target organism has been used to successfully transform on previously intractable
cyanobacterial species in the past (Wolk, et al., 1984).

If the incoming DNA has appropriate methylation patterns for the cell to recognize the sequence
as indigenous, then donor DNA survives long enough to undergo chromosomal integration and
subsequent propagation. However, if the methylation signatures are recognized as foreign, then
the donor DNA will be degraded, and fragments will be integrated into the substrate pool of the
nucleotide salvage pathway.
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The single-stranded-DNA-specific exonuclease RecJ is one RM barrier that donor DNA
encounters after cytoplasmic entry in cyanobacteria. In cyanobacterial recJ deletion mutants,
natural transformation efficiency is significantly higher than the efficiency of the wild-type strain
(Kufryk, et al., 2002). RecJ degrades the ends of incoming single-stranded DNA in a manner that
is not sequence specific. Thus, it has been suggested that natural transformation efficiency might
be increased if the length of flanking sequence is increased (Al-Haj, 2014). With this approach,
even if some end degradation occurs, the selective marker cassette may escape damage and leave
enough homologous sequence intact for successful genomic targeting.

Experimental optimization that focuses on restriction system evasion may also be possible for
species with more complex RM systems. Some success has been demonstrated by exposing foreign
DNA to indigenous methylases prior to transformation to increase efficiency in Synechocystis
6803 (Wang, et al., 2015). Additionally, the established methodology of transforming the wildtype strain with DNA harvested from a mutant strain of the same species may aid in determining
whether restriction interference is serving as a barrier to natural transformation (Grigorieva and
Shestakov, 1976, Shestakov and Khyen, 1970). Because the genomic DNA is harvested from cells
of the same species, the DNA methylation patterns mimic those of the host cell, allowing for
restriction system evasion. These data suggest that RM systems play a significantly affect natural
transformation.

1.7 Competence Triggers across Bacteria
When cells enter a physiological state in which they are capable of taking up DNA, the cells are
said to “competent.” Competence is triggered via different mechanisms across bacterial species.
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While some species of bacteria enter a competent state during certain growth phases or under
nutrient replete conditions, it is unclear whether such a cue exists for cyanobacteria.

The literature suggests that there are treatments that yield higher transformation efficiency in some
species of cyanobacteria such as incubating cells in the dark, but whether this observation holds
true across naturally transformable cyanobacteria is unknown (Golden and Sherman, 1984).
Additionally, iron starvation has been shown to increase natural transformation efficiency. Among
bacterial species, only a handful of organisms have been experimentally demonstrated to be
capable of natural transformation. Furthermore, in cyanobacteria, only a few species that have
been shown to be capable of undergoing natural transformation experimentally. Without more
data, it is impossible to determine whether there are similarities with regard to competence across
cyanobacterial species.

1.8 Synechococcus elongatus UTEX 2973
The cyanobacterial strain Synechococcus elongatus UTEX 2973 was originally characterized in
2014 (Yu, et al., 2015). The origins of the strain can be traced back to a 1955 publication that
described Anacystis nidulans, a cyanobacterium that was isolated from Texas and exhibited
remarkable growth capabilities (Kratz and Myers, 1955). The strain was subsequently deposited
in the University of Texas (UTEX) algae culture collection as Synechococcus leopoliensis UTEX
623 (Yu, et al., 2015). With interest in sequencing the fast-growing strain, the Pakrasi Lab ordered
the deposited strain from the repository. However, the purchased strain did not exhibit the fast
doubling time that was reported in the Kratz and Meyers publication. In order to isolate a strain
that mimicked the fast-growth phenotype, a single colony that was capable of growth at 38ºC (a
13

suitable culture temperature for the fast-growing strain reported by Kratz and Meyers) was picked
from the UTEX 623 culture. The cells from this single colony were later shown to double in as
little as 1.5 hours under 1500 µmol m-2 s-2 light (Ungerer, et al., 2018). The Pakrasi version of the
strain was deposited in the UTEX algae culture collection as Synechococcus elongatus UTEX
2973, hereby referred to as Synechococcus 2973. It is unclear whether Synechococcus 2973 is the
same as the originally deposited Kratz and Meyers strain or instead a genetically distinct strain
that mimics the physiological characteristics of the Kratz and Meyers strain.

Culture collections typically grow strains under conditions that negatively select against fast
growth. Long periods of time between dilution and low light are typical conditions for culture
collections to allow for upkeep of the numerous strains that the facilities maintain. However, these
conditions increase the mutation rate in fast-growing strains that are not naturally adapted to slowgrowth conditions. When other labs have ordered the deposited Synechococcus 2973 strain from
the UTEX culture collection, they have reported that the strain does not grow as fast as the Pakrasi
lab version (Miller and Burnap, 2018).

The newly isolated fast-growing strain was sequenced to better understand the mutations giving
rise to the accelerated doubling time phenotype. Sequencing the strain revealed a unique
opportunity to better understand how a photosynthetic organism can achieve fast growth. The data
revealed that the Synechococcus 2973 genome showed greater than 99.9% identity at the
nucleotide level to the genome of the model cyanobacterium Synechococcus elongatus PCC 7942,
hereby referred to as Synechococcus 7942 (Yu, et al., 2015). In total, there were 55 SNPs (33 of
which were in protein coding regions), one 188.6 kb inversion, and 1.5 kb deletion. Interestingly,
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even though these organisms are genetically similar, the two strains have different physiological
characteristics.

One notable difference between the two organisms is their respective the doubling times. While
Synechococcus 7942 has an optimal doubling time of 4.9 hours and grows best under 400 µmol m2 -2

s light at 38ºC, Synechococcus 2973 achieves an optimal doubling time of 1.5 hours under 1500

µmol m-2 s-2 light at 42ºC (Ungerer, et al., 2018). Synechococcus 2973 also has another notable
difference; unlike Synechococcus 7942, Synechococcus 2973 fails to undergo natural
transformation. This particular difference between the two organisms and the mutations that give
rise to differential DNA-uptake capacity are the topic of this thesis.

1.9 Synechococcus elongatus UTEX 2973 as a Model System
Because of its accelerated growth rate and unprecedented biomass accumulation, Synechococcus
2973 is a prime candidate for becoming a cyanobacterial model organism and bioproduction strain
(Knoot, et al., 2017). However, one of the major features that this species lacks compared to other
model cyanobacteria is natural transformability. The cyanobacteria research community is
interested in having a strain that can be used to perform experiments in a reduced amount of time,
but many research laboratories rely on natural transformation as their primary method for
introducing foreign DNA. Natural transformability is a desirable attribute for emerging biological
chassis because it provides a straightforward method for making the extensive genetic changes
that are needed to develop engineered systems both in the laboratory and in industrial settings.
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So far, one study has been performed to restore natural transformation to Synechococcus 2973 with
low efficiency (4.00E-8 transformants/live cell), but the study did not compare the engineered
strain’s efficiency with the natural transformation of wild-type Synechococcus 7942 (Li, et al.,
2018). Natural transformability was introduced to Synechococcus 2973 by inserting a
constitutively expressed copy of the pilN gene encoding a protein in the DNA uptake apparatus
from the naturally transformable cyanobacterium Synechococcus 7942. Constructs that are larger
in size and encode proteins that are toxic to cyanobacteria are more difficult to use as donor DNA
with any transformation technique (personal communication, Himadri Pakrasi). With these trickier
constructs, the low natural transformation efficiency exhibited by the Li et al., 2018 strain becomes
an issue.

This thesis seeks to restore natural transformation to Synechococcus 2973 at a rate similar to that
exhibited Synechococcus 7942 in an effort to generate a more effective model cyanobacterium. In
addition, this work entails the discovery of a previously unknown trigger for natural competence
in cyanobacteria and provides insight on how one photosynthetic organism regulates natural DNA
uptake.
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Chapter 2
Developing a CRISPR Genome Editing System for
Synechococcus 2973

This chapter was adapted from:
Wendt, K.E., et al. (2016) CRISPR/Cas9 mediated targeted mutagenesis of the fast growing
cyanobacterium Synechococcus elongatus UTEX 2973. Microb. Cell Fact. 15:115.

Chapter Contributions:
Data presented in Figures 2.1, 2.2, 2.3. and 2.4 were generated by KEW.
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2.1 Summary
As autotrophic prokaryotes cyanobacteria are ideal organisms for industrial production of a wide
array of valuable biosynthetic products. The newly characterized species of cyanobacteria
Synechococcus elongatus UTEX 2973 is a particularly promising candidate for serving as a
microbial factory because of its rapid growth rate. Here, we seek to develop a genetic toolkit that
allows for extensive genomic engineering of Synechococcus 2973. We implement a CRISPR/Cas
genome editing system to make markerless modifications to the genome, enabling metabolic
engineering of the species for bioproduct production. We elected to target the nblA gene for
deletion because of its important role in biological response to nitrogen deprivation conditions.
Initially, we determined that Streptococcus pyogenes Cas9 is toxic in cyanobacteria, and
conjugation with stable, replicating constructs containing cas9 sequence caused lethality.
However, after switching to a system that allowed for transient expression of the cas9 gene, we
could achieve markerless editing in 100% of exconjugants in the first patch. Additionally, we could
cure the organisms of antibiotic resistance, resulting in a genome modification that is in a truly
markerless background.

2.2 Introduction
Photosynthetic microbes are of considerable interest for applications in carbon sequestration,
photosynthetic production of fuels, and biosynthesis of other valuable chemicals such as
pharmaceuticals (Abed, et al., 2009, Lem and Glick, 1985). The advantage of using cyanobacteria
as biofactories is that they grow on CO2 and sunlight alone; this reduces greenhouse gas emissions
and decreases dependence on petroleum-based products. Furthermore, cyanobacteria are the
evolutionary ancestor of plastids and serve as model organisms for the study of the photosynthetic
apparatus. Commonly studied cyanobacteria such as Synechococcus elongatus PCC 7942,
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Synechococcus sp. PCC 7002 and Synechocystis sp. PCC 6803 have been genetically engineered
to generate a variety of useful products such as ethylene (Sakai, et al., 1997), hydrogen (McNeely,
et al., 2010), free fatty acids (Liu, et al., 2011), ethanol (Deng and Coleman, 1999), isoprene
(Lindberg, et al., 2010), 2,3-butanediol (Oliver, et al., 2013), and 1-butanol (Lan and Liao, 2011)
through expression of heterologous biosynthetic pathways. Additionally, genetic manipulation has
been used to rewire central metabolism and redirect carbon sequestration into end products by
deleting competing pathways (Du, et al., 2013, Yao, et al., 2014).

Another cyanobacterial strain that has the potential to become a chassis for metabolic engineering
and biological discovery is Synechococcus 2973. With a 2.1-hour doubling time, Synechococcus
2973 has a growth rate akin to that of Saccharomyces cervisiae (Yu, et al., 2015). The genome
sequence of Synechococcus 2973 is 99.8% identical to the model organism Synechococcus 7942,
which has a much slower a doubling time of 4.9 hours. However, the development of
Synechococcus 2973 as a model organism has been hindered by the lack of an efficient genetic
modification system. Although Synechococcus 2973 is capable of conjugative transfer of DNA,
the rate at which subsequent genome modification occurs is less than that found in Synechococcus
7942 and other model species of cyanobacteria.

The current genetic manipulation system for Synechococcus species is well developed; however,
it often requires a significant amount of time to generate the desired mutant strains. The strategy
typically used for engineering a deletion mutant in Synechococcus relies on double homologous
recombination between a suicide vector containing an antibiotic cassette inserted into the target
gene and the host chromosome (Golden, et al., 1987). To perform additional genetic alterations,
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one must choose additional antibiotic resistance markers. This restricts the extent of pathway
engineering that may be performed, as there are a limited number of antibiotic cassettes that can
be used. Moreover, cyanobacteria maintain multiple copies of their chromosome, thus they must
undergo numerous rounds of segregation to obtain a completely segregated mutant (Griese, et al.,
2011). The process of segregation can take weeks of restreaking on selective media to obtain a
strain that only has chromosomes containing the mutation of interest.

Alternatively, markerless deletion strategies have been developed that rely on a dominant
streptomycin sensitive rps12 mutation (Matsuoka, et al., 2001). A major drawback of this system
is that it requires working in a genetic background that contains the appropriate rps12 mutation.
Additionally, this strategy relies on two subsequent rounds of transformation, and is thus
significantly more time consuming than the method described above. Recently, CRISPR/Cas9
systems have emerged as versatile editing platforms that can been employed to engineer
markerless mutations in a wide variety of organisms from bacteria (Jiang, et al., 2013, Xu, et al.,
2015) to mammalian cell lines (Cong, et al., 2013). However, a CRISPR/Cas9 system for
markerless genome editing in cyanobacteria has not yet been developed.

In nature, the CRISPR (clustered regularly interspaced short palindromic repeat)/Cas9 (CRISPR
associated protein 9) system in bacteria provides adaptive immunity against invading viruses or
plasmids by cleaving and degrading the exogenous DNA (Horvath and Barrangou, 2010). Upon
infection, invader sequences are incorporated as spacers between a series of palindromic repeats
in a CRISPR array (Bhaya, et al., 2011, Wiedenheft, et al., 2012). The CRISPR array transcripts
are then processed into two RNA components, crRNA and tracrRNA (Deltcheva, et al., 2011);
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these are used to guide the Cas9 nuclease to the complementary target sequence, which is
subsequently cleaved by Cas9 (Wiedenheft, et al., 2012). The CRISPR system can be co-opted for
genome editing by reprogramming the spacer sequences to be complementary to the gene one
wishes to target (Sander and Joung, 2014). The resulting crRNA guides Cas9 to create a double
stranded break at the desired location on the chromosome. Such a break is subsequently repaired
by double homologous recombination (Kuzminov, 1999), during which a homologous sequence
is used as a template to repair the double stranded break (Friedberg, et al., 2005). By providing an
appropriate repair template that contains the desired change to the target sequence, one can direct
the introduction of specific genomic mutations or deletions at the cut site.

Here we repurposed a CRISPR/Cas9 system that was initially developed for genome editing in
Streptomyces lividans to be used in the fast growing cyanobacterium Synechococcus 2973 (Cobb,
et al., 2015). Using derivatives of the pCRISPomyces plasmids, we introduced a markerless
deletion into Synechococcus 2973, circumnavigating the need for time-consuming segregation. In
addition to serving as metabolic chassis, cyanobacteria are ideal systems for better understanding
photosynthetic processes (Mulkidjanian, et al., 2006). Thus, as a proof of concept for the ability to
generate a markerless deletion mutant with the CRISPR/Cas9 system, we chose to target the nblA
gene, which has a critical biological function with regard to cellular response to nutrient
deprivation conditions. Cyanobacteria have large antenna protein complexes that harvest light to
be used for photosynthesis (Adir, 2005). One particularly exciting feature of these prokaryotes is
their ability to modulate the size and structure of these antenna complexes based on nutrient
availability (Grossman, et al., 1994). NblA is involved in the degradation of phycobilisomes, one
of the primary antenna protein complexes associated with photosystem II (Collier and Grossman,
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1994). By targeting nblA for deletion, we demonstrate that the CRISPR/Cas9 system can be used
to better characterize the function of biologically important genes.

This improved method of genome editing is expected to facilitate rapid and efficient genetic
engineering of Synechococcus strains. Moreover, the number of edits that can be made using
CRISPR/Cas9 editing is not limited by choice of antibiotic cassettes and will enable extensive
modification of host genomes for the production of useful bioproducts.

2.3 Materials and Methods
2.3.1 Bacterial Strains and Culture Conditions
All cloning was performed in the Escherichia coli strains HB101 and XL1-Blue. Cells were grown
at 37°C in LB media in liquid or on agar plates supplemented with 50 μg/mL apramycin or 50
μg/mL kanamycin as required. Synechococcus 2973 and Synechococcus 7942 cells were grown in
BG11 medium at 38°C under 80 μmol·m-2·s-1 of continuous white light in two manners: on agar
plates, supplemented with 20 to 50 μg/mL apramycin as needed or shaking in 125 mL Erlenmeyer
flasks (Sigma-Aldrich).

2.3.2 Construction of pVZ321 Based Vectors for nblA Targeting
To construct a CRISPR system that would replicate in cyanobacteria, we excised the CRISPR
region containing cas9 and the gRNA from pCRISPomyces-2 using ApaLI and AvrII. The
resulting fragment was cloned into the replicating plasmid pVZ321 by cutting with ApaLI and
XbaI enzymes, yielding pSL2545. The pSL2545 contained BbsI sites that were converted to AarI
sites for cloning in required protospacers. PCR was performed on the gRNA region of pSL2545
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with primers aarI1/aarI3, aarI2/aarI4 and aarI5/pJU18R, which contain the necessary sequence
modifications to introduce the AarI sites. The three fragments containing the upstream region,
lacZ, and downstream region were assembled using overlapping extension PCR, and the resulting
DNA was used to replace the same gRNA section of pSL2545 using EcoRI and XbaI enzymes to
yield pSL2610. Twenty nucleotide protospacers, designed to target nblA, were generated by
phosphorylating and ligating the oligos nblAgRNAL and nblAgRNAR in a single reaction. The
resulting DNA contained overhangs matching those that result after excising lacZ from pSL2610
with AarII. Colonies that contained the protospacer were identified by plating on LB supplemented
with X-Gal (GBT) and IPTG (Sigma-Aldrich) to allow for blue/white screening and further
verified by sequencing. The correct ∆nblA construct was named pSL2546. Repair regions
containing the nblA deletion were generated with PCR. The nblA deletion repair region was
amplified out of pSL2470 using the nblAupstreamF and nblAdownstreamR primers and was cut
using SpeI and cloned into the XbaI site on pSL2545, thus resulting in the final plasmid intended
to introduce the nblA deletion (pSL2566).

Plasmids containing only cas9, promoterless cas9, or cas9 lacking a RBS were made by
amplifying cas9 out of pCRISPomyces-2 using the primer pairs cas9L/cas9R, cas9-PapaLI/cas9R,
or cas9-RBS-L/cas9R. The resulting fragments were cloned into pVZ321 using ApaLI/EcoRI to
yield pSL2672, pSL2677, and pSL2658. As a control pVZ321 was cut with ApaLI/EcoRI,
blunted, and recircularized.
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2.3.3 Construction of pCRISPomyces-2 Based Vectors for nblA Targeting
The ∆nblA construct is a derivative of pCRISPomyces-2 (Cobb, et al., 2015). The nblA editing
template was generated by amplifying the 1000 base pairs directly upstream and downstream of
genomic

nblA

in

NblA_Downstream_F,

Synechococcus
and

2973

(NblA_Upstream_F,

NblA_Downstream_R).

NblA_Upstream_R,

NblA_Upstream_F

and

NblA_Downstream_R were designed with BcuI tails to allow for cloning into the unique BcuI
restriction site on pCRISPomyces-2. NblA_Upstream_R and NblA_Downstream_F were designed
with overlapping ten base pair tails coding for the BamHI restriction enzyme recognition site,
allowing the two homology arms to be ligated to one another, thus generating the deletion
sequence. PCR with the NblA_Upstream_F/NblA_Downstream_R primer set was then used to
amplify the ligated fragment from the ligation reaction mixture, and the nblA deletion template
was gel purified (Promega Wizard SV Gel and PCR Clean-Up System). The editing template was
ligated into pCRISPomyces-2 and HB101 E. coli were transformed with the ligation mixture.
Sanger sequencing was used to confirm the insertion and orientation of the ∆nblA fragment.

The nblA-targeting sgRNA was introduced into the plasmid via Golden Gate Assembly.
Complementary oligos 24 nucleotides in length with tails coding for the BbsI recognition sequence
were designed and ordered from IDT (nblA_proto_F and nblA_proto_R). These primers were
annealed to one another and the double stranded product was digested with BbsI and ligated into
the pCRISPomyces-2 construct containing the editing template to create pSL2546. The ligation
mixture was then used to transform XL1-Blue E. coli. Cells were plated on LB plates supplemented
with X-Gal (GBT) and IPTG (Sigma-Aldrich), and white transformants were selected for further
analysis. Restriction enzyme digestion and Sanger sequencing were used to confirm that the final
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plasmid was constructed as intended. The nblA editing plasmid that lacks cas9 was generated by
using PCR with the cas9less_F/cas9less_R primer set to amplify the pSL2546 backbone excluding
cas9. This PCR product was then gel purified (Promega Wizard SV Gel and PCR Clean-Up
System) and treated with T4 polynucleotide kinase followed by ligase to promote selfcircularization and create pSL2623. The ligation mixture was then used to transform chemically
competent XL1-Blue cells. Transformants were selected on apramycin-containing media. Plasmid
from transformant colonies was miniprepped and sequenced to ensure that the intended construct
was generated.

2.3.4 Conjugation of pCRISPomyces-2 Based nblA Editing Plasmid into
Synechococcus 2973
Tri-parental mating was used to introduce the nblA-targeting pCRISPomyces-2 into wild type
Synechococcus 2973, with pRL443 as the conjugal plasmid and pRL623 as the helper plasmid
(Wolk, et al., 1984). The HB101 strain, which already carried pRL623, was transformed with nblAtargeting pCRISPomyces-2 and served as the cargo-carrying strain in the tri-parental mating. E.
coli cultures were inoculated approximately 17 hours prior to use and grown to OD600=0.6.
Cyanobacterial strains were also inoculated approximately 17 hours prior to use to OD730=0.25,
and grown to OD730=0.4, as measured on a μQuant Bio-Tek plate reader. All bacterial cultures
were washed prior to use in conjugation with either distilled water for E. coli or BG11 for
cyanobacteria. 100 μL of the cargo and conjugal E. coli lines were combined with cyanobacteria
cells from 1mL of liquid culture for each conjugation reaction and resuspended in a total volume
of 300 μL. Subsequently, 100 μL of the conjugation reaction was plated on BG11 agar plates
containing HATF transfer membranes (Millipore). In conjugation with pVZ321-based plasmids,
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filters were incubated on nonselective media for 24 hours before transferring the membranes to
BG11 agar plates supplemented with 50 μg/mL kanamycin. For conjugation with pCRISPomyces2- based plasmids, after four days, the membranes were moved to BG11 agar plates containing 20
μg/mL apramycin, and after three more days these membranes were transferred to BG11 agar
plates containing 50 μg/mL apramycin.

2.3.5 Assaying Bleaching under Nitrogen Deprivation Conditions
Exconjugants were transferred from patches to liquid cultures and allowed to grow to a suitable
volume and density to allow for visualization of bleaching. Cultures were washed three times with
BG11 lacking nitrate, resuspended in the same media, and assayed 24 hours later for differential
coloration compared to a wild-type sample.

2.3.6 PCR Assays to Confirm Accurate Editing
DreamTaq (Thermo Fisher Scientific) was used for all deletion confirmation reactions in addition
to all of the reactions checking for single recombination events. The set composed of
PrimerA/PrimerB was used to check for deletion of nblA in the chromosome, the PrimerA/PrimerC
set was used to check for single recombinants in one orientation, and the PrimerD/PrimerE set was
used to check for single recombinants in the other possible orientation.

2.3.7 Curing the CRISPR Plasmid from Edited Individuals
Exconjugants were initially patched onto BG11 agar plates supplemented with 20 μg/mL
apramycin. Subsequent patches were performed on BG11 agar plates. Colonies were assayed for
curing by the loss of ability to grow on apramycin-containing media after each round of patching.
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After colonies appeared to be cured, further testing was done via colony PCR, to ensure that
portions of the pCRISPomyces-2 backbone could not be amplified from later patches as opposed
to amplification in earlier patches (AprChkF/AprChkR and Cas9ChkF/Cas9ChkR).

2.4 Results
2.4.1 Developing an RSF1010-Based CRISPR/Cas9 System
We initially attempted to assemble a complete CRISPR system using a medium copy number
plasmid backbone, RSF1010, which is stably maintained in cyanobacteria (Marraccini, et al.,
1993). We elected to delete the nblA gene, an essential element for phycobilisome degradation in
Synechococcus 2973 (Collier and Grossman, 1994). These mutants have a phenotype that can be
detected visually. While wild type Synechococcus 2973 strains exhibit bleaching that is
characteristic of phycobilisome degradation when grown in media lacking nitrate, the ∆nblA strain
has an obvious non-bleaching phenotype under these conditions.

An RSF1010-based backbone was engineered to contain S. pyogenes cas9 (derived from
pCRISPomyces-2), a synthetic guide RNA (sgRNA) designed to target nblA, and an editing
template to introduce the nblA deletion. After multiple conjugation attempts with this construct,
we were unable to recover exconjugants. However, the same backbone lacking the CRISPR/Cas9
system yielded ~250 colonies in each of two conjugation attempts. To assay for cas9 toxicity, we
proceeded by engineering the RSF1010-based backbone to contain only cas9. Once again we were
unable to recover colonies from conjugation with the cas9 containing plasmid.

Next, we generated a construct that contained cas9, but lacked the cas9 ribosomal binding site in
an effort to further assay for cas9 toxicity. Conjugation of the resulting plasmid yielded less than
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five exconjugants in each of two attempts, while the vector without cas9 yielded ~250
exconjugants.

2.4.2 Applying the pCRISPomyces-2 CRISPR/Cas9 System
Experiencing little success with the RSF1010-based backbone, we switched to a vector that would
allow for transient expression of cas9: the pCRISPomyces-2 construct from the Zhao lab.
Replication of this vector is dependent on a Streptomyces ghanaensis pSG5 origin of replication,
which is not functional at temperatures above 34°C (Muth, et al., 1989). In our study, conjugation
experiments were performed at 38°C, which is above the permissive replication temperature, thus
allowing for transient expression of cas9. We modified the pCRISPomyces-2 vector to target nblA
in Synechococcus 2973 by inserting an sgRNA that targets nblA and an editing template designed
to introduce the nblA deletion (Figure 2.1A).

Figure 2.1. Plasmids generated using pCRISPomyces-2 backbone to engineer the ∆nblA line. (A)
depicts the nblA deletion plasmid including cas9 and (B) shows the nblA editing plasmid excluding
cas9.
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We employed a deletion strategy that would not rely on the integration of a selective marker into
the genome in an effort to reduce genomic disruption. Triparental mating was used to introduce
the ∆nblA CRISPR construct into Synechococcus 2973. Antibiotic selection was used to force
temporary persistence of the plasmid at a basal level. Conjugation yielded 21 colonies. A subset
of these exconjugants was assayed for bleaching in media lacking nitrate (Figure 2.2).

Figure 2.2. Synechococcus 2973 exconjugants do not exhibit characteristic bleaching under
nitrogen deprivation conditions. Triparental mating was used to introduce the ∆nblA CRISPR/Cas9
plasmid into Synechococcus 2973. Exconjugants were patched onto selective media and then
transferred to liquid cultures in standard and nitrogen deprivation conditions.

2.4.3 Assaying for CRISPR/Cas9 Mediated Editing
To determine the proportion of editing that is dependent on Cas9 cleavage, we built a secondary
construct in which the cas9 gene was deleted (Figure 2.1B). Triparental mating was used to
introduce the -cas9 construct into Synechococcus 2973 to compare differential exconjugant yields.
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We used PCR to assess whether exconjugants were edited and segregated (Table 2.1 and Figure
2.3).

Table 2.1. Conjugation Results. The plasmid backbone has a significant effect on achieving successful
editing.

Construct

Total Number
of
Exconjugants

Percent of
Exconjugants Edited
and Segregated on 1st
Patch

pVZ321

>250

-

pVZ321 + sSpcas9

0

-

pVZ321 + nblA sgRNA, ∆nblA editing template, sSpcas9

0

N/A

pVZ321 + nblA sgRNA , ∆nblA editing template, sSpcas9 (no promoter)

0

N/A

pVZ321 + nblA sgRNA, ∆nblA editing template, sSpcas9 (no RBS)

4

0/4 (0%)

pCRISPomyces-2 + nblA sgRNA, ∆nblA editing template, sSpcas9

21

16/16 (100%)

pCRISPomyces-2 + nblA sgRNA, ∆nblA repair template – sSpcas9
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3/10 (30%)
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A

B

Figure 2.3. Double homologous recombination used to generate the markerless deletion. (A)
Schematic of the double homologous recombination event that results in deletion of nblA from the
chromosome. Black arrows indicate primers, yellow rectangles indicate homology arms, and the
blue arrow represents the nblA gene. (B) PCR used to confirm the deletion of nblA. Colony PCR
using Primer A and Primer B of mutant Synechococcus 2973 yielded a product that is 180 base
pairs lower in molecular weight than the band produced by wild type culture.

2.4.4 Assessing the Potential to Cure Edited Strains of CRISPR Plasmid
Machinery
In order to determine whether exconjugants could be cured of cas9 and the apramycin selective
marker, colonies were patched onto media lacking antibiotic selection. The loss of the ability to
grow on antibiotic-containing media occurred after eight patches (Figure 2.4).
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Figure 2.4. Nine patches onto medium lacking antibiotic cure Synechococcus 2973 of the
apramycin resistance gene. Top plate exhibits the growth of exconjugants on nonselective medium,
and bottom plate shows the absence of growth on media containing apramycin.

2.5 DISCUSSION
2.5.1 Cas9 is Toxic in Synechococcus 2973
The inability to produce a significant number of exconjugants with constructs containing cas9
suggests that the gene is toxic in Synechococcus 2973. The fact that only five colonies were yielded
from conjugation with a construct in which the cas9 RBS was removed compared to the ~250
colonies with the construct lacking cas9 suggests that these exconjugants are “escapees” with
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respect to cas9 toxicity. Furthermore, we conclude that cas9 cannot be stably maintained in
Synechococcus. Although the reason behind Cas9 toxicity is currently unclear, one possibility is
that S. pyogenes Cas9 has off-target effects in cyanobacterial cells, that is to say, the enzyme may
be cleaving in regions other than those targeted by the synthetic sgRNA, and that the cell is unable
to repair these breaks, thus resulting in lethality.

2.5.2 Transient cas9 Expression Achieves Genome Editing
To resolve the toxicity issue, we switched to the pCRISPomyces-2 CRISPR/Cas9 genome editing
system. We hypothesized that this vector would allow for transient expression of the CRISPR
machinery. This would not only allow for genome editing, but also circumvent Cas9 toxicity.
Conjugation with the nblA-targeting pCRISPomyces-2 plasmid yielded colonies that failed to
bleach under nitrogen deprivation conditions. This suggested that nblA was edited. Additionally,
PCR and Sanger sequencing were used to confirm that the non-bleaching phenotype was the result
of nblA deletion and not a single recombination event.

2.5.3 Determining the Frequency of CRISPR/Cas9 Mediated Editing
To ensure that the nblA deletion that we observed was the result of repair catalyzed by cas9
cleavage and not simple a double homologous recombination event between the bacterial
chromosome and the CRISPR plasmid containing the repair template, we created a secondary
construct based on the pCRISPomyces-2 backbone. In this construct, we removed cas9 and
analyzed the differential rates of nblA editing and segregation.

Although the total number of exconjugants yielded with the construct lacking cas9 was higher,
which may be attributed to the smaller size of the construct, the rate of editing and segregation in
the absence of cas9 was reduced. When using a construct that contains cas9, exconjugants are
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edited and segregated 100% of the time in the first patch. However, constructs lacking cas9 are
only edited and segregated 30% of the time. This suggests that Cas9-mediated cleavage accounts
for roughly 70% of editing in Synechococcus 2973.

2.5.4 Edited Exconjugants Can be Cured of the CRISPR Plasmid Machinery
Many bacterial CRISPR/Cas9 systems rely on the generation of a strain that has S. pyogenes cas9
engineered into the genome of the organism undergoing editing. However, with this system, edits
are made in a genetic background that is distinct from the wild type organism. The benefit of
introducing the CRISPR/Cas9 editing machinery on a plasmid is that after the edits have been
made, the foreign construct may be cured from the organism, leaving behind a truly “markerless”
modification in a wild type background. Furthermore, the fact that cas9 appears to have significant
toxicity in cyanobacteria suggests that engineering cas9 into the genome is a suboptimal approach
for this class of organisms.

After eight patches, exconjugants were unable to grow on antibiotic-containing media, suggesting
that curing had taken place. Furthermore, after the organisms lost their capacity for antibiotic
resistance, we were no longer able to amplify the editing plasmid’s apramycin antibiotic resistance
gene, providing further confirmation that the organisms had been cured of the plasmid.

2.5.5 Transitioning from Cas9 Nuclease to Cpf1 Nuclease for Genome Editing
In this study, we discovered that Cas9 is toxic to Synechococcus 2973. This lead lab member Justin
Ungerer to pioneer a new CRISPR-based cyanobacterial genome editing system. This system used
much of the pCRISPomyces-2 backbone, but substituted Cpf1nuclease for Cas9 nuclease(Ungerer
and Pakrasi, 2016). This system was found to work more efficiently because of the absence of
toxicity and we therefore elected to use this system for future genome modification needs to study
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how individual SNPs give rise to the difference in natural transformability between Synechococcus
2973 and Synechococcus 7942.
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Chapter 3
Identifying Genetic Factors that Facilitate Rapid Growth
in Synechococcus 2973

This chapter was adapted from:
Ungerer, J., Wendt, K.E., Henry, J.I., Maranas, C.D., Pakrasi, H.B. (2018) Comparative
Genomics Reveals the Molecular Determinants of Rapid Growth of the Cyanobacterium
Synechococcus elongatus UTEX 2973. Proc. Natl. Acad. Sci.
Chapter Contributions:
RNA-sequencing data analysis was performed by KEW (Table 3.3).
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3.1 Summary
Cyanobacteria are emerging as attractive organisms for sustainable bioproduction. An earlier
manuscript described Synechococcus elongatus UTEX 2973 as the fastest growing
cyanobacterium known. Interestingly, Synechococcus 2973 is a close relative of the well-studied,
model strain Synechococcus elongatus PCC 7942 that grows significantly slower. Even though the
two strains differ at only 55 genetic loci, Synechococcus 2973 exhibits high light tolerance,
displays increased rate of photosynthesis, and produces biomass at three times the rate of
Synechococcus 7942. One (or more) of these loci must contain the genetic determinants of rapid
photoautotrophic growth and improved photosynthetic rate. Using CRISPR/Cpf1, a
comprehensive mutational analysis of Synechococcus 2973 was performed and used to identify
three specific genes (atpA, ppnK, and rpaA) with single nucleotide polymorphisms that confer
rapid growth. The fast-growth associated allele of each gene was then used to replace the wild type
alleles in Synechococcus 7942. Upon incorporation, each allele successively increased the growth
rate of Synechococcus 7942, and remarkably, inclusion of all three alleles drastically reduced the
doubling time from 6.8 hours to 2.3 hours. Further analysis revealed that our engineering effort
has effectively doubled the photosynthetic productivity of Synechococcus 7942. It was determined
that the fast-growth associated allele of atpA yielded an ATP synthase with higher specific activity;
while that of ppnK encoded a NAD+ kinase with significantly improved kinetics. The rpaA SNPs
cause broad changes in the transcriptional profile as this gene is the master output regulator of the
circadian clock. This pioneering study has revealed the molecular basis for rapid growth,
demonstrating that a limited number of genetic changes can dramatically improve growth rate of
a microbe as much as three-fold.
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3.2 Introduction
Cyanobacteria are oxygenic photosynthetic prokaryotes that generate biomass using only CO2 and
sunlight as carbon and energy sources. For this reason, these organisms show great potential as
carbon neutral platforms to produce biofuels and other chemical feedstocks as alternatives to
petrochemicals. In the last two decades, many cyanobacterial strains have been engineered to
produce alcohols, aldehydes and ketones, fatty acids, isoprene and terpenes, ethylene, sugars,
organic acids, and long-chain alka/enes (Lai and Lan, 2015). Cyanobacteria have several
advantages over other photosynthetic organisms such as eukaryotic algae and plants including
faster growth, more efficient solar energy conversion, higher biomass accumulation, and facile
genetic manipulation (Knoot, et al., 2017). Unfortunately, cyanobacterial production systems have
not yet been deployed en masse because of the low production titers for commonly employed
model organisms such as Synechocystis sp. PCC 6803 and Synechococcus elongatus PCC 7942.
For cyanobacteria to compete with heterotrophic bacteria as bioproduction platforms, their
photosynthetic CO2 fixation rates need to be significantly increased.

A recent publication described Synechococcus elongatus UTEX 2973 as a promising
cyanobacterial production platform (Ungerer, et al., 2018, Yu, et al., 2015). Unlike many model
strains, this organism is capable of biomass production at rates that are comparable to heterotrophs
such as the yeast Saccharomyces cerevisiae. Interestingly, this organism is almost genetically
identical to the model cyanobacterium Synechococcus 7942. The two strains have an identical gene
set; differing by only 53 single nucleotide polymorphisms (SNPs), a 7.5 kb deletion and a 188 kb
inversion (Yu, et al., 2015). Despite the high degree of genetic similarity, the two strains are
phenotypically quite different. Synechococcus 2973 grows at an elevated temperature and achieves
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a doubling time of 1.5 hours compared to 4.9 hours for Synechococcus 7942 (Ungerer, et al., 2018).
Additionally, Synechococcus 2973 is high-light tolerant, growing well under light intensities
exceeding that of natural sunlight (2000 μmol·m-2·s-1). In contrast, Synechococcus 7942 becomes
severely photoinhibited with exposure less than half of that intensity. Relative to Synechococcus
7942, Synechococcus 2973 also exhibits several adjustments to its photosynthetic apparatus,
including decreased phycobilisome content, increased Photosystem I (PSI) cytochrome f content,
and increased plastocyanin contents. Such differences lead to the alleviation of a photosynthetic
bottleneck resulting in an increased capacity of photosynthetic electron flux. This in turn supports
the utilization of increased light by Synechococcus 2973, while producing more ATP and NADPH
for carbon fixation, and ultimately the growth rate of this cyanobacterium (Ungerer, et al., 2018).

The relatedness of these two cyanobacterial strains provides an excellent system to investigate how
a slower growing, less productive model organism, can be transitioned into a fast growing and
highly productive sub-strain. Among the small number of genetic differences between the two
strains must lie the molecular determinants of the photosynthetic improvements in Synechococcus
2973 relative to the widely-studied model cyanobacterium Synechococcus 7942. Within the set of
53 SNPs, 35 result in single amino acid substitutions in various proteins, while the remaining SNPs
are in non-coding regions. Thus, the SNP-containing genes are alternate alleles in the two
organisms. Identification and characterization of such universal fast-growth associated alleles
could unlock improvements in other model systems and industrially relevant cyanobacteria.
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3.3 Materials and Methods
3.3.1 Strains and Culture Conditions
Synechococcus 2973 and Synechococcus 7942 were maintained on BG11 agar plates at 38ºC with
125 μmol·m-2·s-1 light. Both strains were routinely grown with shaking in liquid BG11 medium at
38ºC with 500 μmol·m-2·s-1 light and 1% CO2 in an Algaetron AG230 growth chamber (Photon
Systems Instruments, Czech Republic). E. coli strains were grown in LB medium with 50 µg/mL
kanamycin. To determine growth parameters, strains were grown in BG11 liquid at 38ºC with 900
μmol·m-2·s-1 light and 5% CO2 in a MC-1000 multicultivator bioreactor (Photon Systems
Instruments). In this case, strains were diluted 1:100 from a growing culture into the
multicultivator chamber, grown for 24 hours to adapt them to the bioreactor, and diluted to an
OD730 of 0.025 to begin the growth experiment. Growth rates (K’) were calculated using Microsoft
Excel by fitting an exponential curve to the logarithmic section of the growth data (typically OD730
<0.3) and using the slope, m, as K’ (y = kemx). Doubling times were then calculated as ln(2)/K’.

3.3.2 Construction of Cyanobacterial Strains
All point mutations were introduced with the previously reported CRISPR/Cpf1 system based on
the pSL2680 vector (Ungerer and Pakrasi, 2016). Briefly, an editing vector was introduced into
the wild type strain though triparental mating (Clerico, et al., 2007). Methods for building editing
vectors are described in SI Appendix, SI Methods. The resulting colonies were restreaked three
times onto BG11 supplemented with 10 µg/mL kanamycin to allow for the editing to take place.
Mutants were then verified by amplifying a region of chromosomal DNA with primers located
outside the homology region that exists on the editing plasmid followed by Sanger sequencing.
Once a mutant was verified, the colony was grown up to stationary phase in BG11 without
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antibiotics (~50 µmol·m-2·s-1, 38ºC), then diluted 1:1000 into BG11 without antibiotics and grown
to stationary phase again to allow for the editing plasmid to be cured. The resulting culture was
plated as a dilution series on BG11 plates to obtain single colonies. One hundred colonies were
then patched onto BG11 with 10 µg/mL kanamycin and then BG11 without antibiotics to screen
for kanamycin sensitive patches that had lost the editing plasmid, resulting in a clean, selective
marker-free mutation.

3.3.3 Oxygen Evolution
Cultures were grown in a multicultivator bioreactor with 5% CO2, 900 µmol·m-2·s-1 light, 38ºC.
Cells were harvested during log phase and adjusted based on equal cell numbers. Light-induced
oxygen evolution was measured for one minute at 38ºC under saturating light 1500 µmol·m-2·s-1
using a custom-built Clark type electrode.

3.3.4 Overexpression and Purification of PpnK
This NAD kinase was purified following a protocol modified from Grose et al (Grose, et al., 2006).
Additional information on overexpression and purification of Ppnk is located in SI Appendix, SI
Methods.

3.3.5 NAD Kinase Assay
A typical NADK assay reaction consisted of 200 µL 5X reaction buffer (500 mM Tris-HCl, pH
7.1, 5 mM MgCl2), either 20 µL 50 mM NAD and a variable amount of 50 mM ATP or a variable
amount of 50 mM NAD with 20 µL 50 mM ATP, 30 µg NADK and water to 1 mL (29, 30). Either
[NAD] or [ATP] was varied over a series of reactions while the other was held at 1 mM. Reactions
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were allowed to proceed for 30 minutes at 37ºC and stopped by the addition of 10 µL of 0.5 M
EDTA. The reactions were then deproteinated by spinning them through a 10 K MWCO
concentrator column and the flow through was subjected to analysis by HPLC. KM, Vmax and Kcat
were calculated from the Lineweaver-Burke plots as follows: Vmax was calculated as 1/y-intercept.
Km was calculated as (slope x Vmax). Kcat was calculated as Vmax/enzyme concentration.

3.3.6 HPLC Analysis of Nucleotides
HPLC analysis was performed according to (31) with slight modifications. Our HPLC analysis
was able to detect ATP, ADP, NAD+, NADH, NADP+ and NADPH simultaneously. Nucleotide
analyses was carried out throughout this work on an Agilent 1200 series HPLC system equipped
with a quaternary pump, degasser, diode array detector (DAD), Peltier-cooled auto-sampler set at
4ºC with separation on a ZORBAX XDB-C18 rapid resolution (4.6 × 250 mm, 3.5 μm) column.
100 µL volume injection was used and nucleotides were detected via absorbance at 254 nm. The
HPLC was run under isocratic conditions at a flow rate of 2 mL/min with the mobile phase
consisting of 0.15 M phosphate-citrate buffer pH 6.8. Chromatographic analysis was performed
for 5 minutes at 15ºC followed by an increase to 45ºC for 25 minutes. Standard nucleotides were
prepared from 10 mM stock solutions in 1X reaction buffer. Calibration was carried out by
injection of a standard mixture of nucleotides used at different concentrations.

3.3.7 Membrane Preparations
Membranes were isolated via osmotic shock followed by differential centrifugation (Krab, et al.,
1993, Scholts, et al., 1996). A volume of 200 mL cells from stationary phase cultures of either
wild-type Synechococcus 2973 or SL2770 (WT 2973 with the 7942 ATP synthase allele) strains
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were harvested and resuspended in 25 mL hypertonic buffer (0.5 M sorbitol, 1 M sucrose, 10 mM
Tricine, 10 mM MgCl2, 5 mM NaH2PO4, 2.5 mM K2HPO4, 2 mg/mL lysozyme, 1 mM PMSF, pH
7.8) and incubated for one hour at 37ºC. The cells were then pelleted by centrifugation for 10
minutes at 8,500 x g, 4ºC. Osmotic lysis was then carried out by resuspending the pellet in 30 mL
osmotic lysis buffer (10 mM Tricine, 10 mM MgCl2, 1 mM PMSF, pH 7.8) and incubating for five
minutes on ice. Large debris and unbroken cells were removed by centrifugation for 5 minutes at
1000 x g. Membranes were then pelleted by centrifugation for 30 minutes at 40,000 g, 4ºC.
Membranes were resuspended to an equal chlorophyll amount in acid buffer (10 mM succinic acid,
2 mM MgCI2, 10 mM KCI, 2 mM NaH2PO4, 10 mM Tricine, pH 6.0).

3.3.8 ATP Synthase Activity
A membrane sample was diluted to 50 µg/mL chlorophyll in acid buffer and incubated for 5
minutes in the dark at room temperature to equilibrate and dark adapt. The membranes were then
diluted 1:1 into basic buffer (10 mM KCl, 2 mM MgCl2, 2 mM NaH2PO4, 200 mM Na-Tricine, 2
mM ADP, pH 8.6). Samples of 100 µL were taken immediately after the dilution as well as at
different intervals and quenched into an equal volume of 2.5% TCA to stop the reaction. The
reaction was then neutralized with 5 µL of 1 M tris/6 M KOH. The cell debris was removed by
centrifugation for five minutes at 13,000 g. The supernatant was then diluted 1:5 and the ATP was
quantitated using a luciferase-based ATP detection kit (Abcam). Luminescence was measured on
a SynergyMX plate reader (Biotek). A blank consisting of a reaction without membranes was
performed as control for ATP contaminating the ADP reagent. The ATP measured from such a
blank was subtracted off all subsequent measurements.
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3.3.9 RNA-Seq Analysis
RNA was isolated using RNAwiz reagent (Ambion) according to the manufacturer's instructions
and quantified on a NanoDrop ND-1000 instrument (NanoDrop Technologies). Library prep,
RNA-seq and data normalization were performed by the Genome Technology Access Center
(GTAC) at Washington University. Library preparation was performed with 1 µg of total RNA,
and integrity was determined using an Agilent bioanalyzer. Ribosomal RNA was removed by a
hybridization method using Ribo-ZERO Bacteria kits (Illumina). The mRNA was then fragmented
in buffer containing 40 mM Tris Acetate at pH=8.2, 100 mM potassium acetate and 30 mM
magnesium acetate and heating to 94ºC for 150 seconds. The mRNA was reverse transcribed to
yield cDNA using SuperScript III RT enzyme (Life Technologies) and random hexamers. A
second strand reaction was performed to yield ds-cDNA. The cDNA was blunt ended, appended
with A base to the 3’ ends, and then appended with Illumina sequencing adapters ligated to the
ends. Ligated fragments were then amplified for 15 cycles using primers incorporating unique
index tags. Fragments were sequenced on an Illumina HiSeq-2500 instrument using single reads
50 bases in length. RNA-seq reads were aligned to the Ensembl top-level assembly with STAR
version 2.0.4b. Gene counts were derived from the number of uniquely aligned unambiguous reads
by Subread:featureCount version 1.4.5. Transcript counts were produced by Sailfish version 0.6.3.
Sequencing performance was assessed for total number of aligned reads, total number of uniquely
aligned reads, genes and transcripts detected, ribosomal fraction known junction saturation and
read distribution over known gene models with RSeQC version 2.3. All gene-level and transcript
counts were then imported into the R/Bioconductor package EdgeR and TMM normalization size
factors were calculated to adjust for samples for differences in library size. Ribosomal features as
well as any feature not expressed in at least the smallest condition size minus one sample were
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excluded from further analysis and TMM size factors were recalculated to created effective TMM
size factors. The TMM size factors and the matrix of counts were then imported into
R/Bioconductor package Limma and weighted likelihoods based on the observed mean-variance
relationship of every gene/transcript and sample were then calculated for all samples with the
voomWithQualityWeights function. Performance of the samples was assessed with a spearman
correlation matrix and multi-dimensional scaling plots. Gene/transcript performance was assessed
with plots of residual standard deviation of every gene to their average log-count with a robustly
fitted trend line of the residuals. Generalized linear models were then created to test for
gene/transcript level differential expression. Output RNA-seq files were analyzed using custom
Python scripts. Genomic identifiers, gene annotations, and functional descriptions were paired
with corresponding expression values by ordering data outputs by chromosomal location and
systematically pairing them with Synechococcus 2973 information from the University of Iowa’s
ATGC website based on NCBI Protein accession and version identifiers. An additional script was
written to identify genes from reciprocal mutant pairs that show at least a 1.5-fold TPM
(Transcripts Per Million) change in opposite directions. TPM values were extracted from the
annotated data sets and ratios between wild type and mutant expression values were calculated.
Loci that exhibited a 1.5-fold TPM expression change when the wild type Synechococcus 7942
allele was replaced with the wild type Synechococcus 2973 allele and vice versa were output to
secondary files. Some gene annotations and functions in the final dataset were manually updated
based on information from the IMG/MER website.

3.3.10 Pathway Enrichment Analysis
To identify the differentially expressed genes a log2 fold change cut-off of 1.5 was chosen. This
identified 76 genes that were upregulated and 596 genes that were downregulated in
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Synechococcus 2973. Pathway categories were extracted from KEGG (32) and enrichment
analysis was carried out using the R-package goseq (33). The Wallenius non-central
hypergeometric distribution was used to calculate the p-value for a pathway to be present in up
and downregulated gene sets. The over-representation of a pathway in the up/down-regulated set
of genes is considered to be statistically significant if the corresponding p-value for that pathway
is less than 0.05.

3.4 Results
3.4.1 Identification of SNPs Resulting in Rapid Growth
Based on the available annotations, it was not immediately apparent which SNPs give rise to the
phenotypic differences between the two strains that were previously reported (Ungerer, et al.,
2018). Therefore, a comprehensive mutational analysis of Synechococcus 2973 was performed to
determine which of the 55 genetic differences between Synechococcus 2973 and Synechococcus
7942 are required for rapid photoautotrophic growth and high light tolerance. It seemed likely that
a combination of SNPs would be required for rapid growth, so engineering individual SNPs into
Synechococcus 7942 would not generate the desired phenotypes. However, if a SNP is part of the
combination that leads to rapid growth, then reversion of that SNP to the sequence in the slow
growing strain would break up the combination, resulting in a loss of the rapid growth phenotype.
Following this rationale, a CRISPR/Cpf1was implemented (Ungerer and Pakrasi, 2016) to convert
each SNP in Synechococcus 2973 to the corresponding version found in Synechococcus 7942. The
7-kb deletion in Synechococcus 2973 may have also contained a factor that regulates growth.
Hence, the genes lost in the deletion were replaced to determine the effect of the deletion on growth
as well.
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The plasmid pUH24 in Synechococcus 2973 contains 16 of the 55 differences between the two
strains; however, this plasmid has previously been shown to be dispensable in related strains and
deletion of the plasmid does not result in a detectable change in phenotype (Lau and Doolittle,
1979). This allowed some candidate loci to be efficiently eliminate from the pool for mutational
analysis. The plasmid was cured from Synechococcus 2973 using the CRISPR/Cpf1 and the cured
strain grew at the same rate as the parental strain. Hence, none of the SNPs on the plasmid
contribute to rapid growth. This allowed 16 of the 55 differences to be eliminated as factors that
lead to rapid autotrophic growth. Next, the genes in the deletion region were addressed by
integrating intact copies of all of the genes and their full operons into neutral site I (McEwen, et
al., 2013) in Synechococcus 2973. A CRISPR/Cpf1 system was also used to recreate the deletion
in Synechococcus 7942. Growth analysis revealed that the deletion did not affect the growth rate
of the respective engineered lines compared to the parental strains.
Next, a large series of mutants were made with CRISPR/Cpf1, each with a different markerless
single nucleotide change, to individually convert each of the remaining 39 chromosomally encoded
SNPs in Synechococcus 2973 to its corresponding allele in Synechococcus 7942. There was one
case where a gene (rpaA) contained both coding and promoter SNPs. Here, the coding and noncoding SNPs were converted individually as well as in combination. The 23S rRNA has 2 SNPs
in Synechococcus 2973 relative to Synechococcus 7942. Since there are two identical rRNA
operons in the genome, it was implausible to target one specifically. Thus, the two rRNA SNPs
were not converted in this study. Reversions of SNPs that resulted in silent mutations were also
not made.
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Growth analysis of the series of mutants revealed four coding SNPs and one non-coding SNP
across three genes that when converted resulted in decreased growth rate (Table 3.1).

Table 3.1. Growth rates of Synechococcus 2973 with various SNPs reverted to the allele in
Synechococcus 7942.

The SNPs that were identified as the genetic factors for rapid photoautotrophic growth result in
the following amino acid changes. First, a Y252C replacement in AtpA, the alpha subunit of ATP
synthase(McCarn, et al., 1988), results in a surface Cys in Synechococcus 7942 changed to a Tyr
in Synechococcus 2973. This conversion may cause a loss of redox regulation of ATP synthase in
Synechococcus 2973 (Wang, et al., 2013). Second, a D260E replacement in the NAD+ kinase,
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PpnK(T., et al., 2013), results in a Glu in Synechococcus 7942 changed to an Asp in Synechococcus
2973. Although both of these amino acids are negatively charged, the side chain of Glu is one
carbon longer. Structural analysis of PpnK revealed that this residue is located in the active site
with the negatively charged side chain being electrostatically repelled by the phosphates on NAD+
or ATP. The shorter negatively charged side chain of D260 in PpnK of Synechococcus 2973 is
positioned closer to the negatively charged phosphate on NAD which affects enzyme kinetics
(Table 3.2). Finally, in the master output regulator of the circadian clock, RpaA (Takai, et al.,
2006), SNPs resulting in R121Q and K134E replacements were identified. Additionally, the
promoter of rpaA in Synechococcus 2973 contains a 7 bp deletion that falls 102 bp upstream of
the translational start codon. Both coding SNPs in rpaA are in an unordered loop linking the
response receiver domain to the helix-turn-helix DNA binding domain. This experiment showed
that both the coding and promoter SNPs in Synechococcus 2973 are necessary for rapid growth.

Table 3.2. Enzyme kinetics of the Synechococcus 2973 allele of NAD+ kinase compared with the
Synechococcus 7942 allele.

3.4.2 Engineering Synechococcus 7942 for Rapid Photoautotrophic Growth
Next, CRISPR/Cpf1 was used to engineer the SNPs that were identified as the genetic factors for
rapid autotrophic growth into the slower-growing Synechococcus 7942 to verify that rapid growth
of this cyanobacterium could be engineered. First, each of the three genes was individually
converted to the Synechococcus 2973 version to determine if the mutations can independently
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increase growth rate. Growth analysis revealed that the mutations in both atpA and ppnK can
independently increase the growth rate of Synechococcus 7942 (Figure 3.1A and 3.1C).

Figure 3.1. Growth of Synechococcus 2973, Synechococcus 7942, and mutant strains. (A)
Representative growth curves of Synechococcus 7942 with different SNPs from Synechococcus
2973 incorporated individually. (B) Representative growth curves of Synechococcus 7942 with
SNPs from Synechococcus 2973 incorporated in combinations. (C) Doubling times of both
Synechococcus strains and mutants thereof (n = 3). (D) Whole-chain oxygen evolution of both
wild type strains and Synechococcus 7942 with various allele combinations from Synechococcus
2973 (n = 3). Allele 1, ATP synthase; allele 2, NAD+ kinase; allele 3, both coding SNPs and
promoter deletion in rpaA. Growth was performed in a multicultivator bioreactor with 5% CO2,
900 μmol·m−2·s −1 light, 38 °C
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Introduction of the rpaA promoter SNP or the pair of coding SNPs did not yield an increase in
growth rate. The individual coding SNPs were not studied separately because they lie only 39 bp
apart and it was difficult to make one change without getting the other; thus, in this case the
alternative alleles of rpaA are referenced to indicate that both coding SNPs are always changed
together. However, when the pair of coding and promoter SNPs were combined, the growth rate
of Synechococcus 7942 increased significantly (Figure 3.1A and 3.1C). This indicates that each
gene/allele that was identified in our mutational analysis works independently to increase the
growth rate of Synechococcus 7942. Furthermore, the fact that both the coding and promoter SNPs
in rpaA are required for accelerated growth indicates that changes in expression as well as in
activity of this regulator are required to achieve fast growth.

Finally, all five SNPs were combined into the same strain of Synechococcus 7942 to produce a
markerless 5X mutant. As each successive gene was mutated to the Synechococcus 2973 version,
an increase in growth rate was observed (Figure 3.1B and 3.1C). Remarkably, when all 5 SNPs
were engineered into the same strain, a growth rate (2.2-hour doubling time) that is comparable to
that of Synechococcus 2973 was achieved (Figure 3.1B and 3.1C). This indicates that the complete
compliment of SNPs between the two strains that can convert the slow-growing, light sensitive
Synechococcus 7942 into a fast-growing, high light tolerant strain similar to Synechococcus 2973
were identified. It is interesting to note that two of the three genes, atpA and ppnK, are directly
involved in energy metabolism, suggesting that energy availability is the key determinant of
photoautotrophic growth rate of Synechococcus 7942. It is noteworthy that this small combination
of SNPs converted Synechococcus 7942 into a high-light tolerant strain that exhibits a 2.2-hour
doubling time at 900 µmol·m-2·s-1 light. Also, at relatively lower light intensities (250 µmol·m-2·s-

58

1

), the two wild type Synechococcus strains and the Synechococcus 7942 with all three converted

alleles grew at about the same rate. However, under relatively higher light intensities (900 µmol·m2

·s-1), the growth rates of these strains were markedly different. Increasing the light intensity above

250 µmol·m-2·s-1 causes photoinhibition in Synechococcus 7942, which slowed growth; both
Synechococcus 2973 and the fast-growing mutant of Synechococcus 7942 were able to overcome
photoinhibition and harness the increased light energy to increase their growth rates as well as
their rates of photosynthesis (see below). This phenotypic difference was also reported in our
previous work in more detail (Ungerer, et al., 2018).

In order to enable rapid growth, Synechococcus 2973 exhibits photosynthetic rates that are 2-fold
higher than that of Synechococcus 7942 (on a cellular basis) (Ungerer, et al., 2018). Thus,
experiments were performed to investigate whether the changes that were engineered into
Synechococcus 7942 increased its photosynthetic rate as well. Rates of whole chain oxygen
evolution were compared on a per OD basis rather than a per chlorophyll basis because
Synechococcus 2973 has a 2-fold higher chlorophyll content relative to Synechococcus 7942
(Ungerer, et al., 2018), which obscures the differences in photosynthetic rates. The photosynthetic
rate of Synechococcus 7942 more than doubled from 1750 µmol O2·hr-1·OD730-1 to 3785 µmol
O2·hr-1·OD730-1 to when all three alleles (five SNPs) were changed to their corresponding
Synechococcus 2973 versions (Figure 3.1D). Interestingly, incorporation of individual SNPs
showed little effect, while a significant effect was observed only when both the Synechococcus
2973 ATP Synthase and NAD+ Kinase alleles were introduced together. The full benefit to oxygen
evolution only became apparent when all three alleles were combined. Together, the increased
growth rate and increased rates of O2 evolution indicate that the three Synechococcus 2973 alleles
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worked in combination to dramatically improve the photosynthetic productivity of the model
cyanobacterium Synechococcus 7942. Previous experiments showed that Synechococcus 2973
exhibits altered pigment content relative to Synechococcus 7942 (4). An absorbance scan of the
5X mutant revealed that it has now taken on the characteristic spectrum of Synechococcus 2973
with an increased chlorophyll peak (682nm) and decreased phycobilisome peak (625nm). In
addition to altered pigment content, there were noted differences in energy transfer through the
phycobilisomes in Synechococcus 2973 relative to Synechococcus 7942. Synechococcus 2973
exhibits reduced fluorescence from phycocyanin (PC) at 77K, which suggests increased efficiency
of energy transfer through PC (4). The 77K fluorescence spectrum of the 5X mutant revealed that
it now too exhibits a photophysiological phenotype similar to Synechococcus 2973.

3.4.3 Comparisons of NADK Alleles
As described above, the SNP resulting in the D260E change in NAD+ kinase significantly
increased the growth rate of Synechococcus 7942, yet this substitution near the active site leads to
a subtle change because both residues are negatively charged. The next step was to investigate
how this replacement affects the enzyme’s kinetics in more detail. Both variants of the NADK
were overexpressed and purified from E. coli. The kinetics of substrate binding for both substrates,
ATP, and NAD were assessed experimentally. Both substrates bind in the same pocket that
interacts with D260. Thus, this SNP may affect the binding affinity of one or both of the substrates
(Kawai and Murata, 2008, Poncet-Montange, et al., 2007). Additionally, NADH and NADPH act
as competitive inhibitors of NADK by also binding at that site (Grose, et al., 2006). Therefore, the
inhibitory effects of NADH and NADPH were compared between the two versions of the NADK
as well.
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These experiments showed that the Synechococcus 2973 version of the enzyme has a significantly
higher affinity for both substrates as indicated by the lower KM towards both NAD and ATP. In
addition, the Synechococcus 2973 version of the enzyme displays a significantly higher Vmax and
Kcat towards both NAD and ATP (Table 3.2). Together, these findings indicate that the D260E
substitution in PpnK generates a more active enzyme, thus increasing NADP+ production in
Synechococcus 2973. Heterotrophic NADK genes are inhibited by both NADH and NADPH
(Grose, et al., 2006), However, there was no observed inhibition of the cyanobacterial NADK by
NADPH for either version of the protein (Figure 3.2A).

Figure 3.2. NAD+ kinase activity in the presence of various concentrations of competitive
inhibitors. (A) Activity with added NADPH. (B) Activity with added NADH (n = 3).
A high tolerance of the cyanobacterial version of the enzyme to NADPH is likely required due to
the large amounts of NADPH that are produced during the light reactions of photosynthesis.
Interestingly, there was a large difference in inhibition by NADH for the two versions of the
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enzyme (Figure 3.2B). The Synechococcus 2973 version of the enzyme is strongly inhibited by
NADH while the Synechococcus 7942 version of the enzyme is relatively tolerant to NADH. It
appears that in Synechococcus 2973, NADP+ production is increased only if the NADH pool is
kept very small. A previous manuscript reported that the fast-growth phenotype of Synechococcus
2973 is a result of increased titers of PSI, cytochrome f, and plastocyanin, enabling a higher level
of photosynthetic electron flux (Ungerer, et al., 2018). A more active NADK is complimentary to
those findings as increased NADK activity would yield increased titers of NADP+, the final
acceptor in the photosynthetic electron transport chain. This in turn enables efficient electron flow,
generating more reducing power in the form of NADPH.

3.4.4 Comparison of ATP Synthase Alleles
Next, the ATP synthase activities of the two different alleles of this important enzyme were
compared. To accomplish this, well coupled membrane vesicles were prepared from wild-type
Synechococcus 2973 and a mutant thereof in which the ATP synthase had been converted to the
Synechococcus 7942 version of the allele (Krab, et al., 1993, Scholts, et al., 1996). As described
above, Synechococcus 2973 has higher titers of photosynthetic electron transfer components
(Ungerer, et al., 2018), so that light driven ATP production may not reflect the innate differences
between the two versions of ATP synthase. Hence, a classical acid-base transition was used to
energize the membranes, which would generate an identical proton gradient in both samples
(Jagendorf and Uribe, 1966, Van Walraven, et al., 1997) and bypass other differences in
photophysiology. Membrane preparations were equilibrated in a low pH succinate buffer and then
diluted into a higher pH reaction buffer to generate a proton gradient across the membrane. After
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the ∆pH was generated, samples were collected at various time intervals (see Materials and
Methods).

Immediately after dilution into the base stage, a proton motive force (PMF) was generated resulting
in ATP production. The membranes containing the Synechococcus 2973 allele of ATP synthase
produced ATP at a rate of 1113 nmol·min-1·mg·Chl-1, while membranes containing the
Synechococcus 7942 version of the allele produced ATP at a rate of 773 nmol·min-1·mg·Chl-1
(Figure 3.3). No ATP synthesis was observed in the presence of the uncoupler CCCP (Carbonyl
cyanide m-chlorophenyl hydrazine). The Synechococcus 2973 allele of the ATP synthase has a
higher rate of ATP synthesis when placed under the same PMF as the Synechococcus 7942 allele.
Clearly, energy supply limits growth in Synechococcus 7942 as engineering this strain with an
improved ATP synthase or NAD+ kinase individually increased growth rate and engineering both
improved alleles into the strain resulted in an additive effect (Figure 3.1).

Figure 3.3. ATP synthase activity of the Synechococcus 2973 allele vs. the Synechococcus 7942
allele (n = 3).
63

3.4.5 Transcriptome profiles of WT and SNP interconversion mutants
Global RNA-seq analysis was performed on of all SNP mutants exhibiting a growth phenotype as
well as both wild-type strains (See SI Appendix, Dataset S1). Our goal was to survey the
transcriptional differences between the two wild-type strains and confirm that these differences
are recapitulated by the mutations that shift one strain’s phenotype into that of the other. First, the
differences in gene expression were compared based on normalized TPM (transcripts per million)
between the two wild-type strains. A 1.5-fold difference in expression was chosen to represent the
cutoff for differentially expressed genes. Thus, genes showing less than 1.5-fold difference were
considered to be comparable in expression level, while genes showing more than 1.5-fold
difference were considered to be differentially expressed. A pathway enrichment analysis was also
performed to determine metabolic pathways that were over-represented in the upregulated and
down-regulated gene-sets. In Synechococcus 2973 only 15% of the genes show at least 1.5-fold
higher expression while 51% of the genes show at least 1.5-fold lower expression (See SI
Appendix, Dataset S3). Such a finding suggests that Synechococcus 2973 focuses more of its
resources on a few specific processes. In particular, Synechococcus 2973 exhibited increased
nutrient capture as iron, phosphate, nitrate, sulfate and bicarbonate transporters were more highly
expressed in this strain. The enrichment analysis showed a significant over-representation of the
ABC transporter category (p-value=0.009) among the upregulated gene sets. The psbA2 gene was
expressed at higher levels in Synechococcus 2973, which may aid in PSII turnover under highlight conditions. There was also an upregulation in photosynthetic carbon fixation (pvalue=0.0086) and gluconeogenesis (p-value = 0.0005) in Synechococcus 2973 as genes such as
RuBP carboxylase (EC: 4.1.1.39), phosphoglycerate kinase (EC: 2.7.2.3), fructose-1,6bisphosphatase (EC: 3.1.3.11), and sedoheptulose-1,7-bisphosphatase (EC: 3.1.3.37) were
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upregulated. These could help fuel the higher need for carbon in Synechococcus 2973, as it requires
0.502 gm carbon per gm biomass as opposed to 0.497 gm carbon per gm biomass for
Synechococcus 7942 (3). In addition, an increased expression of the translation machinery (p-value
= 0.0018) was observed in Synechococcus 2973 as numerous ribosomal proteins, translation
elongation factors, and ribosome recycling factors were more highly expressed. In Synechococcus
2973, NAD(P) transhydrogenase was downregulated which may serve to maintain a higher ratio
of NADPH to NADH. Interestingly, per our enrichment analysis, the nicotinate and nicotinamide
metabolism category was the only significantly downregulated pathway (p-value = 0.0055) in
Synechococcus 2973.

Genes for several sigma factors were also downregulated in Synechococcus 2973 including sigG,
sigB, rpoE, sigA, and sigF, which may be the reason most of the genes showed lower expression
in this strain. Recombination and repair genes were also downregulated in this strain including,
ruvC, recJ, recG, recO, mutT, recF, recQ, recN and mutL. Synechococcus 2973 exhibited
decreased expression of cytochrome c oxidase, suggesting less active respiration in this strain.
Glycogen synthase was upregulated while glycogen degrading genes were downregulated in this
strain leading to the previously reported high glycogen levels (Ungerer, et al., 2018). The clock
genes, kaiA, kaiB and kaiC were downregulated in Synechococcus 2973. Interestingly, it grows
well during a diurnal cycle (Yu, et al., 2015), suggesting clock function is dampened but not lost.

Among other pathways that were found to be significantly upregulated are cysteine and methionine
metabolism (p-value = 0.0123) and the biosynthesis of amino acids (p-value = 0.0392). This is
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further corroborated by the biomass composition of the two organisms; Synechococcus 2973 cells
have been shown to have more amino acid content than Synechococcus 7942 (53% vs 40.9%) (3).
For each SNP displaying a growth phenotype, pairwise comparisons were made in a reciprocal
fashion between both wild type strains possessing both versions of each allele. In particular, the
change in expression between wild type Synechococcus 2973 and the same strain with each SNP
converted to the Synechococcus 7942 allele were compared to wild type Synechococcus 7942 and
the same strain with each SNP converted to the Synechococcus 2973 allele. Importantly, genes
which exhibited a 1.5-fold change in one direction and also a 1.5-fold change in the opposite
direction in the reciprocal mutant were identified as genes whose expression is specifically affected
by a given SNP. The ATP synthase and NAD+ kinase SNPs had little effect on global gene
expression, as only 1.6% and 3.9% of the genes, respectively, showed a 1.5-fold change in one
direction with a 1.5-fold change in the opposite direction in the reciprocal mutant (See SI
Appendix, Dataset S4 and S5). As expected, the global clock output regulator, rpaA, caused a
much more significant change in the transcriptome, with 17% of the genes (447 genes) showing at
least a 1.5-fold change in expression in both mutants compared to their wild types (See SI
Appendix, Dataset S6). Although about one sixth of the genome showed altered expression
between the two rpaA alleles, it is likely that only a few of these genes play a role in the rapid
growth phenotype. Notably, multiple sigma factors, glycogen debranching enzyme, hydrogenase,
recombination and repair factors, clock genes, cytochrome c oxidase, transcription factors, and
NAD(P) transhydrogenase were all downregulated in strains with the Synechococcus 2973 allele
of rpaA compared to strains with the Synechococcus 7942 allele. The gene that shows the single
largest decrease in expression in a Synechococcus 2973 allele of rpaA background is rpaA itself.
Introduction of the Synechococcus 2973 rpaA allele into Synechococcus 7942 caused a 134-fold
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drop in expression of rpaA itself, suggesting that the seven base pair promoter deletion
significantly reduces the expression of rpaA.

As SNPs were incorporated to transition the slow-growing Synechococcus 7942 into the fastgrowing Synechococcus 2973, RNA-seq was used to monitor the changes in the transcriptome of
Synechococcus 7942 as well. For the two wild-type strains, only 889 genes (33%) of the transcripts
are within 1.5-fold expression of each other in either direction which is a testament to the large
phenotypic differences observed between the two strains (Table 3.3).

Table 3.3. Comparison of the transcriptional profile of Synechococcus 7942 containing various
substituted SNPs from Synechococcus 2973 with both wild type strains.

After engineering the Synechococcus 2973 SNPs into Synechococcus 7942, individually and in
combination, the transcriptomes of the resulting mutants were compared to WT Synechococcus
2973. Interestingly, the transcriptome of any single mutant does not resemble that of
Synechococcus 2973 as only 837 (31%), 1119 (41%) and 347 (13%) transcripts had similar
expression levels as Synechococcus 2973 in the ATP synthase, NAD kinase, or rpaA conversion
strains, respectively (Table 3.3). Upon the addition of the NAD kinase SNP into the strain
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containing the ATP synthase SNP (2X mutant), transcriptome similarities with Synechococcus
2973 increased only slightly to 1160 genes (Table 3.3. Finally, the Synechococcus 7942 5X mutant
in which all three genes (atpA, ppnK, rpaA) had been engineered to contain the Synechococcus
2973 SNPs was assessed. Here, 2377 transcripts (88%) were within 1.5-fold expression of that
observed in wild type Synechococcus 2973 (Table 3.3). Thus, when all three alleles are
incorporated into Synechococcus 7942, it takes on the transcriptional profile of Synechococcus
2973 as most of the genes (88%) show comparable expression between the 5X mutant of
Synechococcus 7942 and WT Synechococcus 2973 (Table 3.3, column 5) as opposed to column 1,
where only 33% of the genes show comparable expression between the two wild-type strains.
Therefore, it was possible to monitor the transition of the slower-growing Synechococcus 7942
into the fast-growing Synechococcus 2973 both phenotypically and also based on systems level
transcriptome wide expression profiles.

3.4.6 Comparison of SNP Alleles across Diverse Cyanobacteria
Finally, the distribution of the alleles of these highly conserved genes across diverse species of
cyanobacteria with various growth rates was analyzed. The sequences of the three encoded
proteins were aligned in the two Synechococcus strains and other commonly studied cyanobacteria
(Figure 3.4). The findings were striking; in each case the SNP is in a conserved residue.
Interestingly, in three of the four cases, the residue is conserved between Synechococcus 2973 and
all other cyanobacteria examined irrespective of their growth rate. In fact, Synechococcus 7942
appears to be the outlier among other cyanobacteria at these loci. One explanation is that these are
not SNPs that evolved specifically for rapid growth, but rather they produce the canonical amino
acid for their respective proteins in Synechococcus 2973. It appears then, that rather than
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Synechococcus 2973 being a fast-growing mutant of Synechococcus 7942, Synechococcus 2973
has the more typical allele for these three proteins. Furthermore, Synechococcus 7942 seems to
have acquired mutations at the three loci identified in this study which slow down growth, impair
photosynthetic rate and impart sensitivity to high light.

Figure 3.4. Local alignments of the SNPs that are involved in rapid growth in various
cyanobacteria. (A) ATP synthase. (B) NAD+ kinase. (C) RpaA. The SNPs in Synechococcus 7942
and Synechococcus 2973 are indicated by boxes.
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Chapter 4
Reply to Zhou and Li: Plasticity of the genomic haplotype of
Synechococcus elongatus leads to rapid strain adaptation
under laboratory conditions
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Ungerer, J., Wendt, K.E., Henry, J.I., Maranas, C.D., Pakrasi, H.B. (2018) Reply to Zhou and
Li: Plasticity of the genomic haplotype of Synechococcus elongatus leads to rapid strain
adaptation under laboratory conditions. Proc. Natl. Acad. Sci.
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KEW participated in scientific discussion for preparing this letter and in editing the letter.
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4.1 Rebuttal to “SNPs deciding the rapid growth of
cyanobacteria are alterable”
Zhou and Li describe a classic phenomenon in microbiology in which the genotypes of bacteria
rapidly evolve to optimize growth under selective conditions (Zhou and Li, 2019). In the original
paper describing the fast-growing cyanobacterium Synechococcus elongatus UTEX 2973, Yu et
al. described the genome sequence that defines the strain. Since 2015, several colleagues who
obtained the strain directly from the original Pakrasi laboratory stock successfully replicated the
2-h doubling time of the strain (Yu, et al., 2015). Seemingly, specific loci affecting growth rate
and light tolerance rapidly interconvert between alternative haplotypes based on the growth
conditions. This is confirmed by the sequencing results of Zhou and Li who report that the sample
in their laboratory has mutated toward the Synechococcus 7942 haplotype via SNP conversion
(Zhou and Li, 2019). In fact, this is similar to the HL-1 strain of Synechococcus 7942, which they
describe as a mutant strain.

Both Zhou and Li and Lou et al. report that Synechococcus 7942-C252Y grows similarly to the
sample of Synechococcus 2973 obtained from UTEX (Lou, et al., 2018, Zhou and Li, 2019).
However, neither group reports specific growth rates or doubling times for direct comparison.
Furthermore, Lou et al. reported that the atpA SNP imparts only light tolerance similar to that of
Synechococcus 2973, not growth rate (Lou, et al., 2018). In the course of our work, we regularly
verify the complement of SNPs in both wild types and mutants thereof (Ungerer, et al., 2018).
Moreover, we make reciprocal mutations that demonstrate that removal of individual SNPs
decreases the growth rate of Synechococcus 2973, while adding any individual SNP increases the
growth rate of Synechococcus 7942 (Ungerer, et al., 2018).

72

Considering the sequencing results reported by Zhou and Li, we find their report and that of Lou
et al. to be consistent with our original work (Lou, et al., 2018, Ungerer, et al., 2018, Zhou and Li,
2019). Zhou and Li report that the Synechococcus 2973 haplotype (obtained from UTEX) lacks
the atpA SNP, whereas the premise of Lou et al.’s. report is that Synechococcus 7942 with only
the atpA SNP grows at the same rate as the Synechococcus 2973 strain. In our work, we show that
Synechococcus 2973 with the atpA SNP removed does grow at the same rate as Synechococcus
7942 with only the atpA SNP included (Figure 1 of Yu, et al., 2019). Sequencing results by Zhou
and Li show that Synechococcus 2973 in their laboratory has reverted the atpA SNP; thus, as our
data show, it grows at the same rate as Synechococcus 7942-C252Y.

Both groups argue that their strains grow similarly to Synechococcus 2973; however, neither report
specific growth rates nor compare their data against a positive control (i.e., haplotype with all three
relevant SNPs) (Lou, et al., 2018, Zhou and Li, 2019). The discrepancy reported by Zhou and Li
clearly arises from the fact that neither they nor Lou et al. seem to have obtained a haplotype
identical to the “original” Synechococcus 2973. Based on the sequencing results, both groups are
working with intermediate haplotypes with intermediate growth rates. We are confident that if
Zhou and Li had Synechococcus 2973 with the full complement of SNPs, they would find that it
grows faster than the Synechococcus 2973 currently available in their laboratory and the fast
Synechococcus 7942-C252Y from Lou et al.
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Chapter 5
Identifying loci responsible for differential competence
between two sister cyanobacterial species
Synechococcus elongatus PCC 7942
and Synechococcus elongatus UTEX 2973
Chapter Contributions:
All data presented in this chapter were generated by KEW.
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5.1 Summary
The fast-growing cyanobacterium Synechococcus elongatus UTEX 2973 has the potential to fill a
niche in cyanobacterial research; however, its elevation to model system status has been hindered
by its inability to undergo natural transformation. With natural transformation, parent cells and
DNA alone are needed to generate mutant lines. This allows mutants to be generated efficiently in
laboratories with limited resources. Here, natural transformation is engineered into Synechococcus
2973 by substituting alleles from its naturally competent sister (model organism Synechococcus
7942) for native Synechococcus 2973 alleles. Two genetic loci were found to be involved in the
differential DNA uptake capacity between the two organisms: transformation pilus component
pilN and circadian transcriptional master regulator rpaA. By substituting alleles from
Synechococcus 7942 for their counterparts in Synechococcus 2973, natural competence was
engineered into Synechococcus 2973. However, with the introduction of natural competence came
an undesirable phenotype; cells grown in liquid culture clump together, which causes premature
self-shading and reduces the growth rate of the strain. The pilN/rpaA mutant line was then
repeatedly diluted and grown under conditions that would select against the clumping morphology.
The resulting strain had a natural transformation efficiency greater than the parent strain and
exhibited a growth rate on par with Synechococcus 2973. This strain was named Synechococcus
2973-T (for its Transformable property) and will be an asset to laboratories seeking a model system
that is both fast-growing and naturally competent.

5.2 Introduction
Synechococcus elongatus UTEX 2973 is the fastest known growing cyanobacterium to date and is
quickly rising as a preferred model organism in the cyanobacteria research community (Yu, et al.,
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2015). In addition to having a doubling time of ~1.5 hours under optimal conditions, this organism
is also high-light tolerant and accumulates biomass at a striking rate (Ungerer, et al., 2018).
However, even though this organism is a promising system, there is one feature that prevents this
organism from reaching its full potential as a widely used model system in the laboratory: natural
competence.

Natural competence is the biological capacity of a bacterium to take up and maintain extracellular
DNA. During natural transformation, cells are simply incubated with donor DNA and the cell uses
its native machinery to take up and integrate this DNA into its genome. Because natural
transformation requires no special machinery, like electroporation, or donor E. coli strains, like
conjugation, it is a preferred method for generating insertional mutants in many laboratories.
Another widely used transformation technique, conjugation, requires that donor DNA is cloned
into a plasmid and transformed into E. coli. Unfortunately, some cyanobacterial sequences are
toxic in E. coli, and therefore certain mutant lines cannot be made with conjugal transformation
(Golden, et al., 1986, Nagarajan, et al., 2011). Additionally, natural transformation allows both
linear fragments and circularized DNA to be used as donor DNA. The linear fragments can be
generated in the lab via PCR or ordered from commercial synthesis services, an approach that is
becoming increasingly popular with the increased ease of using these services.

Synechococcus 2973 is a cyanobacterial species that was in a unique position because there was a
straightforward approach to genetically engineer natural competence into this organism. This is
because of its genomic similarity to the naturally competent model cyanobacterium Synechococcus
elongatus PCC 7942. The genomes of Synechococcus 2973 and Synechococcus 7942 are >99.9%
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identical with only a handful of genetic polymorphisms (Yu, et al., 2015). These polymorphisms
include 55 SNPs, one large inversion, and one small deletion (Yu, et al., 2015). From this limited
set of genomic differences, it is possible to pinpoint the loci that are responsible for differential
natural transformability between the two organisms.

Using a Cpf1/CRISPR genome editing system, the alleles of one sister organism were substituted
with alleles from the other organism to identify the polymorphisms that are responsible for the
difference in natural competence between Synechococcus 2973 and Synechococcus 7942.
Recently, CRISPR genome editing systems have become the tools of choice for making genomic
modifications in Synechococcus species (Ungerer and Pakrasi, 2016, Wendt, et al., 2016). This
strategy allows the phenotypic effects of substituting alleles to be assessed without interference
from integrated selective markers; thus, genomic disruption is limited and ensures that novel
phenotypes result from sequence substitutions and not selective marker interference. With this
methodology, two loci were discovered that appear to play key roles in facilitating natural
transformation in Synechococcus species: PilN and RpaA. PilN is a structural component of the
pilus pore that enables natural transformation and RpaA is a master transcriptional regulator that
is responsible for circadian cycling in cyanobacteria (Chen and Dubnau, 2004, Markson, et al.,
2013).

Although the Synechococcus 2973 mutant line with rpaA and pilN alleles from Synechococcus
7942 was naturally transformable, it exhibited a secondary phenotype that was undesirable; when
grown in liquid culture, cells of the strain would nucleate into particles, which in turn shaded the
culture and resulted in a reduced growth rate, as shown in Chapter. In an effort to eliminate this
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undesirable morphology, the strain was continuously inoculated and grown under conditions that
selected against the clumping morphology. After seven rounds of enrichment, single colonies were
isolated and one colony was chosen. This colony became the Synechococcus 2973-T strain and is
naturally competent, fast-growing, and non-clumpy. Moreover, the Synechococcus 2973-T strain
exhibited a higher natural transformation efficiency than the Synechococcus 2973 with pilN/rpaA
from Synechococcus 7942 double mutant. The clumpy and un-clumpy strains were sequenced with
whole genome sequencing and a handful of loci were found to differ between the two strains. The
Synechococcus 2973-T strain has the potential to fill the need for a fast-growing, naturally
competent model system in cyanobacterial research.

5.3 Materials and Methods
5.3.1 Generating Mutant Synechococcus 2973 Lines
Synechococcus 2973 mutant lines were generated using CRISPR/Cpf1 system (Ungerer and
Pakrasi, 2016). Individual SNPs were substituted with the sequence from the sister strain without
the integration of a selective marker. The repair template was designed so that guide RNA target
sequences were mutated to result in silent protein mutations post homologous recombination. The
plasmid pSL2680 was used as the backbone for all of the editing plasmids that were constructed.
The 3975R, 3975ML, 3975L and 3975MR primers were used to amplify the pilN repair template
from Synechococcus 7942 wild-type genomic DNA and the 3975gRNAL and 3975gRNAR oligos
were inserted into the construct to serve as the gRNA. The pilMNO promoter repair template was
generated with the 03965L_V2 and 03965R_V2 primers and the 03965gRNAR and 03965gRNAL
oligos were used for the gRNA on this construct. The rpaA promoter repair template was generated
with the 2605-2R, 2605-2ML, 2605-2L, and 2605-2MR primers and the gRNA was made from
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the 2605-2gRNAL and 2605-2gRNAR oligos. The rpaA coding region repair template was
generated with the 2605R, 2605ML, 2605L, and 2605MR primers and the 2605gRNAL and
2605gRNAR oligos served as the gRNA.

5.3.2 Natural Transformation
Natural transformation was performed in the same way for all of the data presented in this
manuscript. Cells were initially streaked onto BG11 medium and grown overnight at 38°C and ~40
µmol · m-2 · s-1 with ambient CO2 in a Percival tissue culture chamber. The plate was then
transferred to a Caron plant growth chamber where it was grown at 38°C and 75 µmol · m-2 · s-1
with 0.6% CO2. Cells were then resuspended in BG11 medium and transferred to 125 mL
Erlenmeyer flasks to be grown overnight under the same conditions in the Caron chamber.
Subsequently, cells were inoculated back to a particular OD730 (based on growth rate) and grown
overnight in liquid culture under the same conditions to allow strains with different growth rates
to be harvested at roughly the same OD730. Cells were harvested at OD730 = 0.32-0.37 on the Biotek
µQuant micro plate reader. A volume of 3 mL of cells (roughly 4.5E8 cells) was spun down for
each experimental sample at 2000 x g in a fixed angle rotor of a Sorvall benchtop centrifuge for
20 minutes to pellet cells. The low speed/long length spin was used to avoid breaking off
transformation pili during the harvest. After pelleting, 10 mL of sterile BG11 was added to the
cells and the tube was inverted to resuspend the cells. The previous spin was repeated to pellet
cells again. Cells were then resuspended in 62.5 µL of sterile BG11 and transferred to 1.5 mL
microcentrifuge tubes where donor DNA was added to each experimental sample. For most
experiments, 125 ng of donor DNA was added to each sample; however, for the truncated
constructs used for some of the experiments in Table 5.1, the amount of DNA was adjusted to
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ensure the molar ratio of donor DNA to cells was maintained. Additionally, negative control
samples were run for each line to calculate cell viability and overall transformation efficiency.

After samples received donor DNA, tubes were kept in the dark at room temperature overnight,
and then transferred to a 38°C chamber under 40 µmol · m-2 · s-1 light. Cells remained in the light
for four hours prior to plating on selective medium (or non-selective in the case of the viability
test samples). This protocol was adapted from a previously published natural transformation
procedure for Synechococcus 7942 (Golden and Sherman, 1984). For pSL2231 samples, BG11
with 10 µg/mL chloramphenicol was used for selection and for pSL3192, BG11 with 10 µg/mL
kanamycin was used for selection. For the viability test, the cells were diluted 1E-3 prior to plating
on BG11 in order to ensure that the colonies were countable. Plates were then placed in 30°C
growth chamber until colonies formed and were large enough to be counted. Natural
transformation efficiency was calculated by dividing the number of transformants in a sample by
the estimated number of viable cells in the sample calculated from the viability assay data. This
ensured that cells that doubled during the transformation or cells that died during the
transformation procedure were taken into account.

A representative subset of natural transformants were confirmed via PCR analysis for each
experimental iteration. The KW001 and KW005 primers were used to confirm natural
transformants with pSL2231 donor DNA and Spec_seq_F and NS1_Chr_Seq_R_V2 primers were
used to confirm natural transformants with pSL3192 donor DNA. Additionally, a subset of
transformants were phenotypically analyzed as later described.
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5.3.3 Preparation of Donor DNA for Wild-Type Synechococcus 7942 Natural
Transformation
Donor DNA was generated by miniprep isolation for intact plasmids, miniprep isolation followed
by digestion for methylated linearized fragments, and PCR amplification for unmethylated
linearized fragments. For Fragment 2 in Figure 5.1, the restriction enzyme NdeI was used for
linearization. Fragment 3 was linearized with the NdeI and BamHI restriction enzymes, and
Fragment 4 was linearized with BamHI and HindIII restriction enzymes. The JY11_whole_BB_F
and JY11_whole_BB_R PCR primers were used for PCR linearization of Fragment 2,
JY11_whole_BB_F and JY11_DS_HA_R primers for Fragment 3, and JY11_US_HA_F and
JY11_DS_HA_R primers for Fragment 4. After linearization, samples were column purified with
a Thermo Fisher GeneJet PCR purification kit for both the PCR amplified and restriction enzyme
treated fragments. A NanoDrop Spectrophotometer was then used to quantify the isolated DNA
prior to using it for natural transformation.

5.3.4 Preparation of pSL2193 Donor DNA for Transformation Assays
The pSL2193 isolated from E. coli via miniprep prior to transformation. For linearized DNA, the
plasmid was digested with the restriction enzyme MunI and then column purified with a Thermo
Fisher GeneJet PCR purification kit. A NanoDrop Spectrophotometer was then used to quantify
the isolated DNA prior to using it for natural transformation.

5.3.5 Generating Growth Curves and Calculating Doubling Time
Growth curves were generated using a Photon Systems Instruments multicultivator. Cells were
grown on a plate in a Caron plant growth chamber at 38°C and 75 µmol · m-2 · s-1 with 0.6% CO2.
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Cells were then inoculated into liquid and grown overnight in the Caron plant growth chamber
under the same conditions. The culture was diluted back with BG11 and cultured overnight in the
PSI multicultivator under either 400 or 900 µmol · m-2 · s-1 light with 1% CO2 prior to generating
the growth curve to allow for acclimation. Once cells reached exponential phase, they were diluted
back again, and grown to linear phase to generate a growth curve. The growth curve was then used
to calculate doubling time as described in Ungerer et al., 2018.

5.3.6 NblA Phenotype Assays
The nblA deletion phenotype was confirmed by first growing transformants to linear phase in
BG11 medium. Cells were then pelleted and washed in BG11-Nitrogen two times. After pelleting
a third time, cells were grown in BG11-Nitrogen medium for four days in twelve well plates at
38°C. Cells were then analyzed for bleaching visually and quantitatively by measuring the
absorbance spectrum on an Olis DW2000 spectrometer.

5.3.7 YFP Phenotype Assays
Integration of the Ptrc::eYFP cassette was confirmed phenotypically using a BioTek fluorescence
plate reader. Cells were grown to linear phase in BG11 medium and quantitatively analyzed for
YFP fluorescence. For the fluorescence measurements, an excitation wavelength of 488 and
emission wavelength of 528 were used. Relative fluorescence levels were then normalized by
OD730 for each sample.
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5.3.8 Whole Genome Sequencing
Whole genome sequencing was performed by the Microbial Genome Sequencing Center (MiGS
Center). Cells were grown overnight in a Caron plant growth chamber and genomic DNA was
isolated with a Qiagen DNeasy Blood and Tissue Kit. The resulting isolated DNA was then
concentrated in a SpeedVac prior to sending it for sequencing. Illumina technology was used to
perform the sequencing run. Both sequenced genomes yielded around 2,300,000 reads with
average read lengths of 123 bases, giving complete 104X coverage of both of the 2.7 Mb genomes.
Using the BreSeq software package to assess coverage, data was fitted to a Poisson curve and
yielded a fit mean value of 191.6 and fit dispersion value of 11.4 to the Synechococcus 2973 main
chromosome (Deatherage and Barrick, 2014). The fit mean value for the CP006472 plasmid was
64.5 and fit dispersion value was 5.6. The BreSeq software package was implemented for variant
calling (Deatherage and Barrick, 2014).

5.4 Results
5.4.1 Assessing the Effect of Donor DNA Structure and Methylation on Natural
Transformation
There have been past reports that the structure and methylation state of the donor DNA have an
effect on transformation efficiency (Beauchamp, et al., 2017). In order to determine the best DNA
structure and methylation state to use for donor DNA in experiments and assess the return of
competence to mutant lines, natural transformation efficiency was measured in wild-type
Synechococcus 7942 with various forms of donor DNA.
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pSL2231
(6079 bp)

B

Figure 5.1. The pSL2231 construct was used to assay natural transformation efficiency. This
construct is designed to integrate a chloramphenicol resistance cassette to disrupt the nblA locus
of Synechococcus 7942/2973. This construct has a pBR322 backbone and is 6079 bp in size. (A)
Plasmid map. Orange arrow indicates the chloramphenicol resistance gene and the green blocks
represent homology arms. (B) Diagram of integration into the nblA locus of the Synechococcus
7942/2973 genome.
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Various forms of the pSL2231 construct sequence with different lengths of plasmid backbone
flanking the homology arms were used as the donor DNA, as shown in Figure 5.1. This plasmid
integrates a chloramphenicol resistance cassette into the nblA gene of Synechococcus 7942
(Synpcc7942_2127). The pSL2231 plasmid has a pBR332 backbone, which a suicide backbone
commonly used in bacteria because it lacks a cyanobacterial origin of replication (Bolivar, et al.,
1977). NblA is a cyanobacterial protein that is involved in the disassembly of the phycobilisome
photosynthetic antenna under nitrogen deprivation conditions in cyanobacteria (Collier and
Grossman, 1994). When nitrogen resources are lacking, cells disassemble the large
phycobilisomes, resulting in a yellowing appearance of the culture. Disrupting nblA prevents cells
from bleaching in nitrogen replete conditions (Collier and Grossman, 1994). Thus, the pSL2231
construct yielded a visual phenotype that was used to confirm natural transformants in addition to
PCR analysis. Four different donor DNA structures were tested in Synechococcus 7942: intact
pSL2231 plasmid, linearized pSL2231 plasmid, linearized pSL2231 plasmid with one half of the
plasmid backbone truncated, and only the homology region and integrating cassette of pSL2231,
as shown in Figure 5.2. Additionally, two different methylation states were tested for Construct 2,
Construct 3, and Construct 4 shown in Figure 5.2. While one version of the donor DNA was
generated from plasmid that was isolated from E. coli and then digested with appropriate restriction
endonucleases, the second version of the DNA was amplified with PCR to generate an
unmethylated fragment. It has not previously been tested whether methylation decorations from E.
coli have a demonstrable affect in protecting donor DNA during natural transformation.
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Figure 5.2. Constructs with varying lengths of DNA flanking the homology arms of pSL2231 were
used to assay natural transformation efficiency in Synechococcus 7942. Blue denotes the upstream
homology arm, yellow denotes the chloramphenicol resistance gene, and green denotes the
downstream homology arm. The thick black line is used to show the pBR322 backbone. Red
triangles denote the loci that were targeted by restriction enzymes for linearization. (A) Intact
plasmid was isolated from DH5-Alpha E. coli and used directly for transformation. For B, C, and
D, the pSL2231 plasmid was isolated from DH5-Alpha E. coli and linearized by restriction
digestion for one set of experiments and PCR for a parallel set of experiments. (B) The backbone
DNA flanking the homology arms was not truncated during linearization. (C) The backbone DNA
flanking the homology arms was truncated on one side of the recombinant region. (D) The
backbone DNA flanking the homology arms was truncated on both sides of the homologous
regions.
Table 5.1 shows the results of natural transformation experiments with various forms of donor
DNA. Interestingly, it was found that intact plasmid transformed with the highest efficiency into
Synechococcus 7942. Previous studies in other organisms showed that DNA enters the cell in a
linearized form during natural transformation, and it was thus hypothesized that linearizing the
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DNA prior to uptake would increase natural transformation efficiency (Hamilton and Dillard,
2006). Random shearing or shearing caused by extracellular restriction enzymes could result in
linearization at inopportune locations such as within the homology arm or the selective marker.
However, it is possible that pre-linearizing the donor DNA made the material more susceptible to
degradation via extracellular exonucleases by increasing the amount of time that the DNA was in
a linear form prior to DNA uptake.

Table 5.1. Both isolation method and length of flanking DNA affect natural transformation
efficiency in wild-type Synechococcus 7942. Donor pSL2231 DNA with the structures displayed
in Figure 5.1 were used to transform wild-type Synechococcus 7942 cells. All molar ratios of DNA
molecules to cells were kept constant in the various transformation trials. DNA that was linearized
via digesting plasmid isolated from E. coli/gel purified and linearized with PCR were tested in
parallel to determine whether E. coli-mediated methylation affects natural transformation
efficiency. A minimum of three replicates were performed for all experimental data presented.
Transformation Efficiency
(Transformants/Viable Cell)
Digestion
Linearization

DNA Structure

Intact
Plasmid

Intact Plasmid

4.36E-5 ± 2.29E-5

-

-

-

6.6E-5 ± 2.4E-5

2.1E-6 ± 6.6E-7

-

4.7E-6 ± 4.4E-7

5.1E-7 ± 1.1E-7

-

1.1E-7 ± 1.3E-8

4.4E-8 ± 1.2E-8

Linearized Plasmid
Targeting Fragment
with Partial Backbone
Targeting Fragment
Alone

PCR
Linearization

Additionally, generating donor DNA by isolating it from E. coli as opposed to amplifying via PCR
had a significant effect on natural transformation efficiency (right two columns of Table 5.1).
Donor DNA that was isolated from E. coli transformed with a higher efficiency than PCRamplified DNA for all of the constructs tested. The methylated and unmethylated forms of
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Construct 2, in which the plasmid was simply linearized, exhibited the largest difference in natural
transformation efficiency of the three constructs tested. There were thirty-one times more colonies
in the E. coli methylated version of the donor DNA for this construct. This suggests that the native
E. coli RM system is decorating the donor DNA in a manner that helps protect it from
cyanobacterial nucleases. Comparison of the E. coli methylation system to the cyanobacterial
nuclease system suggests that the Dcm methylase in the DH5-Alpha E. coli methylates donor DNA
in a manner that protects against the Synpcc7942_2459 Type II endonuclease.

Perhaps the most interesting finding of the experiment with the various forms of donor DNA was
that the presence of the plasmid backbone had a significant effect on natural transformation
efficiency. In theory, because the pBR322 backbone is non-homologous to the Synechococcus
7942 genome, there should not be a notable difference in transformation efficiency between
Construct 2, Construct 3, and Construct 4. However, truncating the backbone resulted in a
significant decrease in natural transformation efficiency. The loss of one half of the flanking
backbone resulted in a one order of magnitude decrease in transformation efficiency and the loss
of all of the backbone resulted in another one order of magnitude decrease in natural transformation
efficiency. One explanation for these data are that the backbone is acting as a buffer region that
protects the homology sequence from degradation by exonucleases. Exonucleases eat away at the
end of a linearized fragment and the presence of the backbone DNA buffers the homology arms
from being degraded, thus increasing overall recombination and transformation efficiency.
Removing the backbone that flanks the upstream homology arm decreases efficiency less than
removing both flanking backbone regions because once homology arm is still protected from
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exonuclease activity. Previous publications on the activity of exonuclease RecJ in cyanobacteria
suggest that this protein may be responsible for the phenomenon (Kufryk, et al., 2002).

Overall, these experiments have provided insight on ways to optimize natural transformation
efficiency. Particularly, if a fragment is proving difficult to transform, it might be possible to
achieve transformation by isolating the DNA from E. coli so that it has a protective methylation
signature or adding buffer sequences to flank the recombining fragment. For the purposes of this
project, these experiments determined that the highest transformation efficiency was yielded from
intact plasmid and linearized plasmid that was initially isolated from E. coli. Therefore, these were
the forms of donor DNA that were used to assess the restoration of natural competence in
subsequent experiments on Synechococcus 2973 strains with substituted Synechococcus 7942
alleles.

5.4.2 Restoring Natural Transformation to Synechococcus 2973
Two loci were found to have SNPs that give rise to the difference in natural transformability
between wild-type Synechococcus 2973 and Synechococcus 7942. These loci are pilN, a
component of the natural transformation pilus, and rpaA, a global circadian transcriptional
regulator.

PilN aids in aligning the outer membrane pore with the transformation pilus to facilitate DNA
uptake. When DNA is brought into the cell via natural transformation, the Type IV-like
transformation pilus actively attaches to extracellular DNA and transports it into the cell via a
ratcheting motion. Electron cryotomography has been used characterize the structure of the Type
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IVa pilus in the gram-negative bacterium Myxococcus xanthus, and these structures show that PilN
is anchored in the inner membrane and extends into the periplasm (Chang, et al., 2016). The
sequence of the M. xanthus pilN is similar to that of pilN in Synechococcus 7942. However, in
Synechococcus 2973, there is a point mutation in pilN, which replaces a glutamine codon with an
early stop codon, as seen in Figure 5.3A. This results in a protein with a truncated periplasmic
domain, which would in theory render it structurally inoperable.

A
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B

Figure 5.3. The pilN and rpaA loci were modified to generate the naturally transformable
Synechococcus 2973-T strain. (A) Modifications to pilN included replacement of the truncated
version of the protein in Synechococcus 2973 with the intact Synechococcus 7942 allele. Cyt is the
cytoplasmic domain of pilN, TM is the transmembrane domain of pilN, and PP is the periplasmic
domain of pilN. (B) Changes to the rpaA locus included a 7 bp promoter insertion and replacement
of the Synechococcus 2973 rpaA DNA-binding domain SNP with the Synechococcus 7942
sequence.

Furthermore, pilN lies in the pilMNO operon, which contains other proteins that compose the
transformation pilus. Because of polar effects in bacterial polycistronic gene expression, it seemed
likely that the mutation in the Synechococcus 2973 pilN would lead to reduced pilO expression.
RNA-sequencing data that was collected in a previously published Synechococcus 2973
manuscript confirmed this phenomenon, as shown in Table 5.2 (Ungerer, et al., 2018). While wildtype Synechococcus 2973 exhibited a one to two-fold reduced expression of pilM and pilN, the
pilO expression was decreased 58-fold compared to wild-type Synechococcus 7942.
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Table 5.2. RNA-Sequencing analysis shows differential expression between Synechococcus 7942
and Synechococcus 2973 pilMNO genes. RNA-Sequencing data was collected on wild-type
Synechococcus 7942 and WT Synechococcus 2973. TPM (Transcripts Per Million) is a relative
expression value normalized for read depth and gene length (Ungerer et al., 2018). The change in
pilO expression suggests that the pilN truncation may result in polar effects towards the terminal
end of the operon.
Gene

TPM Fold Change

pilM
pilN
pilO

-1.40
-2.07
-58.90

The rpaA locus shows a difference in natural transformability between Synechococcus 7942 and
Synechococcus 2973. The Synechococcus 2973 version of rpaA has multiple differences from the
Synechococcus 7942 allele; there is a seven basepair promoter insertion and a codon-changing
point mutation in the DNA-binding domain of the protein. The mutation in the DNA binding
region converts residue 134 from a Lysine in Synechococcus 7942 to a Glutamic acid in
Synechococcus 2973. Because RpaA is a transcription factor, these polymorphisms result in a
change in both the dosage of the transcription factor and the affinity to which it binds to its targets
(Chapter 3). There has been a large body of work performed on cyanobacterial RpaA because of
its role in facilitating circadian transcriptional cycling in these photosynthetic organisms, however,
the link between RpaA and natural transformation was only published recently (Taton, et al.,
2020).

The differences in Synechococcus 2973 and Synechococcus 7942 RpaA were thoroughly analyzed
in a manuscript discussing the polymorphisms that give rise to accelerated growth (Chapter 3).
The same rpaA polymorphisms that were found to give rise to accelerated growth in
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Synechococcus 2973 are those that also cause a loss of natural competence in the organism. For
Synechococcus 2973 to be a desirable model system, its accelerated growth needs to be maintained
when natural competence is restored. Thus, a strain that was capable of both accelerated growth
and natural transformation was generated to fill this niche in cyanobacterial research.

5.4.3 Generating a Strain that is both Fast-Growing and Naturally
Transformable
In order to introduce natural competence into Synechococcus 2973, alleles from the naturally
transformable sister strain Synechococcus 7942 were substituted for alleles in the Synechococcus
2973 strain. A Cpf1/CRISPR approach was used to avoid integrating selective markers into the
genome (Ungerer and Pakrasi, 2016). With this strategy, mutant lines with multiple allele
substitutions were generated without integrating antibiotic resistance cassettes into the genome.
Using this approach, five different mutant lines were generated and tested for natural competence.

A

pSL3192
(6842 bp)
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Figure 5.4. The pSL3192 construct was used to assay natural transformation efficiency. This
construct integrates a spectinomycin cassette and PTrc::eYFP cassette into Neutral Site I of
Synechococcus 2973 mutant lines. The plasmid has a pAM1303 backbone and is 6842 bp in size.
(A) Plasmid map. (B) Diagram of integration into NS1 of the Synechococcus 7942/2973 genome.

Natural transformation was tested with pSL2231 and pSL3192 donor DNA as described in the
Materials and Methods section. Both intact plasmid and plasmid that was linearized after isolation
from E. coli were tested. The integrated pSL2231 construct generates a non-bleaching phenotype
under nitrogen deprivation conditions, as previously discussed and shown in Figure 5.1. The
pSL3192 construct integrates an eYFP cassette under the constitutive Ptrc promoter into Neutral
Site 1 of Synechococcus 7942 and Synechococcus 2973, as shown in Figure 5.4.

Cells that successfully transform with the pSL3129 construct exhibit YFP fluorescence, which
can be measured on a fluorescence plate reader to phenotypically confirm transformation. Using
these constructs as donor DNA, natural transformation experiments were performed in triplicate
on the mutant lines to measure natural transformation efficiency, as shown in Tables 5.4 and 5.5.
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Table 5.3. Transformation efficiencies with pSL2231. The construct pSL2231 is designed to
integrate a chloramphenicol resistance cassette to disrupt the nblA locus in Synechococcus 2973.
Circularized and linearized forms of this plasmid were used as donor DNA for natural
transformation with various mutant lines. The linearized DNA for this assay was generated by
digesting plasmid that was isolated from DH5-Alpha E. coli as depicted in Figure 5.2, Construct
2. Error values represent the standard error calculated from three experimental replicates.
Transformation Efficiency
(Transformants/Viable Cell)
Intact Plasmid
Linearized Plasmid
4.36E-5 ± 2.29E-5
2.97E-5 ± 3.39E-6
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Strain
Synechococcus 7942
Synechococcus 2973
Synechococcus 2973 pilN7942
Synechococcus 2973 promoter rpaA7942
Synechococcus 2973 coding rpaA7942
Synechococcus 2973 promoter +
coding rpaA7942
Synechococcus 2973 pilN7942 rpaA7942
7.70E-9 ± 7.16 E-9
1.71E-7 ± 1.65E-7
(Clumpy)
Synechococcus 2973-T
1.10E-7 ± 5.01E-8
2.89E-6 ± 2.56E-6
Synechococcus 2973 promoter pilMNO7942
1.15E-7 ± 9.23E-8
4.141E-7 ± 1.69E-7
pilN7942 rpaA7942 (Clumpy)
*N/A is used to denote experiments that did not exhibit a detectable transformation efficiency i.e.
three experimental replicates each produced zero colonies

With single mutant lines with separately substituted pilN allele and rpaA alleles there was not a
detectable level of natural transformation in the mutant lines. A previous publication reported that
placing a copy of the Synechococcus 7942 pilN in trans under a constitutive promoter gave rise to
low efficiency natural transformation (Li, et al., 2018). Although this approach would have
generated plenty of intact pilN, it would not have mitigated the polar effects reflected in pilO
transcription levels, which is likely part of why the natural transformation efficiency was low for
this transgenic line (4.00E-8). Replacing the Synechococcus 2973 pilN with the Synechococcus
7942 allele did not restore natural transformation even nominally, as seen in Tables 5.3 and 5.4.
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Table 5.4. Transformation efficiencies with pSL3192. The construct pSL3192 is designed to
integrate PTrc::eFYP into Neutral Site II of Synechococcus 2973. Circularized and linearized
forms of this plasmid were used as donor DNA for natural transformation with various mutant
lines. The linearized DNA for this assay was generated by digesting plasmid that was isolated from
DH5-Alpha E. coli. Error values represent the standard error calculated from three experimental
replicates.
Transformation Efficiency
(Transformants/Viable Cell)
Intact Plasmid
Linearized Plasmid
5.46E-7 ± 2.29E-7
7.74E-7 ± 3.79E-7
N/A
N/A
N/A
9.65E-8 ± 8.69E-8
N/A
N/A
N/A
N/A
N/A
N/A

Strain
Synechococcus 7942
Synechococcus 2973
Synechococcus 2973 pilN7942
Synechococcus 2973 promoter rpaA7942
Synechococcus 2973 coding rpaA7942
Synechococcus 2973 promoter +
coding rpaA7942
Synechococcus 2973 pilN7942 rpaA7942
(Clumpy)
Synechococcus 2973-T
Synechococcus 2973 promoter pilMNO7942
pilN7942 rpaA7942 (Clumpy)

4.20E-8 ± 4.00E-8

3.33E-9 ± 3.33E-9

6.65E-8 ± 2.06E-8

3.13E-7 ± 1.66E-7

1.36E-8 ± 7.01E-9

1.96E-8 ± 8.14E-9

*N/A is used to denote experiments that did not exhibit a detectable transformation efficiency i.e.
three experimental replicates each produced zero colonies
Additionally, when the rpaA promoter and coding mutations were separated into two different
mutant lines, neither line exhibited a detectable level of natural transformation (data not shown).
Once the pilN and rpaA alleles from Synechococcus 7942 were combined in Synechococcus 2973,
natural transformation finally occurred at a detectable level.

A third polymorphism was also added into this mutant line in an effort to further increase natural
transformation efficiency. The pilMNO operon has a 243 base pair insertion directly upstream of
pilM in Synechococcus 2973 that is not present in Synechococcus 7942. Because previous work
on pilN revealed that constitutively expressing an intact version if the gene resulted in natural
transformability, a phenotype that did not present in the substituted allele line that was generated
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in this study, it seemed likely that the insertion might be an additional polymorphism affecting
natural transformation. With this in mind, the Synechococcus 7942 version of this region was also
substituted into the genome of the Synechococcus 2973 pilN7942 rpaA7942 mutant. Unfortunately,
the new line did not exhibit increased natural transformation efficiency, so this polymorphism was
left out of further analyses.

Table 5.5. Synechococcus 2973-T has a doubling time comparable to WT Synechococcus 2973.
Cells were grown in a PSI multicultivator at 38°C bubbling 1% CO2. Two light intensities were
tested: 400 µmol · m-2 · s-1 (optimal for Synechococcus 7942) and 900 µmol · m-2 · s-1
(Synechococcus 2973-preferred as per (Ungerer, et al., 2018)). Strains with the “Clumpy”
indicator exhibit morphology that where cells grown in liquid culture nucleate into clumps.
These strains likely exhibit slower doubling times because cells on the interior of a clump
experience shading from cells at the outer layers of the particles.
Doubling Time (hr)
400 µmol · m-2 · s-1

900 µmol · m-2 · s-1

Synechococcus 7942

4.31 ± 0.49

3.11 ± 0.19

Synechococcus 2973

2.64 ± 0.28

2.57 ± 1.02

Synechococcus 2973 pilN7942

4.03 ± 0.65

2.95 ± 0.94

Synechococcus 2973 rpaA7942

2.96 ± 0.67

3.12 ± 0.89

Synechococcus 2973 pilN7942 rpaA7942
(Clumpy)

4.96 ± 0.44

3.86 ± 0.83

Synechococcus 2973 -T

2.26 ± 0.22

2.22 ± 0.40

Strain

In order to further increase natural transformation efficiency, a new approach was taken.
Interestingly, the mutant line with the pilN and rpaA alleles from Synechococcus 7942 exhibited a
secondary phenotype that seemed likely to be having a negative effect on natural transformation.
When cultured in liquid, cells of this strain would nucleate and form particulate rafts, reducing the
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overall surface area of a cell that might come into contact with donor DNA during natural
transformation. Additionally, doubling time analysis suggested that the Synechococcus 2973
pilN7942 rpaA7942 mutant line was also growing at a rate slower than that of both single mutants and
wild-type Synechococcus 7942, as seen in Table 5.5.

It seems likely that the clumping morphology limits growth rate by limiting the cells’ ability to
access light. Cells on the interior of the clump do not get as much light as cells at the exterior and
therefore the growth rate is reduced across the culture. With this in mind, a directed evolution
strategy was implemented to reduce the clumping in the Synechococcus 2973 pilN7942 rpaA7942 line.
Cells were grown under fast growth conditions, 900 µmol · m-2 · s-1 light and 1% CO2 bubbled
through the culture in a PSI multicultivator. Once the culture was fairly dense, the tube was
removed from the chamber and remained undisturbed on the benchtop for two hours. After the
two-hour period, most of the cells had settled out to the bottom of the tube, which resulted in a
dense green layer at the bottom of the tube covered by clear liquid. A volume of 500 µL was then
pipetted from the clear liquid at the top of the tube and inoculated into a fresh tube of BG11. The
cells were returned to fast-growth conditions in the multicultivator. This strategy was continued
for several weeks with dilutions around every 60 hours. At the end of this enrichment, cells were
diluted to a low density and spread on BG11 plates to form single colonies. One of these colonies
was selected and grown in liquid to ensure that the clumpy phenotype had been eradicated.
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Figure 5.5. The transformants from the pSL2231 exhibit the expected non-bleaching phenotype in
addition to chloramphenicol resistance (Collier and Grossman, 1994). (A) The untransformed
Synechococcus 2973-T strain bleaches under nitrogen deprivation conditions, however, a
representative colony from the natural transformation of Synechococcus 2973-T plasmid with
pSL2231 loses this capacity under nitrogen deprivation conditions. (B) An example
Synechococcus 2973-T nblA interruption transformant shows no change in absorbance under
nitrogen deprivation conditions. PC is phycocyanin and Chl is chlorophyll; both are phycobilisome
subunits.
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Additionally, the pilN and rpaA loci were sequenced via Sanger sequencing to ensure that no
mutations had occurred at these loci. Finally, the strain was assayed for natural transformation
efficiency and growth rate to determine whether creating a non-clumpy strain would have the
intended effect on the other phenotypes. The strain turned out to be naturally transformable with a
transformation efficiency higher than that the Synechococcus 2973 pilN7942 rpaA7942 strain and it
achieved a growth rate on par with Synechococcus 2973. This strain was named Synechococcus
2973-T for its Transformable phenotype, and data from these assays are shown in Tables 5.3, 5.4,
and 5.5. In addition to confirming that transformants were real via PCR and antibiotic resistance,
phenotypic confirmation was also performed. Figures 5.5 and 5.6 show phenotypic confirmation
of non-bleaching for pSL2231 transformants and YFP fluorescence for pSL3129 transformants
respectively.
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Transformed with Linearized Plasmid

Figure 5.6. Quantitative fluorescence measurements show pSL3192 natural transformants
fluoresce more than untransformed cells. Plate reader fluorescence data is normalized for optical
density. For experiments with WT Synechococcus 7942 and Synechococcus 2973 pilN7942 rpaA7942
transformants, four colonies from three different experiments were used to calculate average
fluorescence and standard error. For Synechococcus 2973-T transformants, three colonies from
two different experiments were used from the intact plasmid experiments and two colonies from
one experiment from the linearized plasmid experiment. Error bars show standard error where
applicable.
With regard to transformation experiments overall, it was observed that the pSL2231 donor DNA
transformed at a higher rate than pSL3129. This might be because the region of the plasmid
undergoing recombination is smaller in pSL2231; it is thought that smaller insertions are more
efficiently integrated into the genome because homologous regions of the recombining fragments
line up more readily. Transformation with a replicating plasmid was also attempted in
Synechococcus 2973-T; the construct had an RSF1010 backbone and YFP cassette to allow for
visualization of successful transformation. However, out of five experimental attempts, only one
experiment yielded a transformant. Transformation appeared to be successful because the strain
acquired antibiotic resistance and showed YFP fluorescence (data not shown), but it is unclear
whether the replicating plasmid was reconstituted in the cell or whether there was a region of the
genome with enough homology to the linearized plasmid to allow for chromosomal integration via
recombination.

5.4.4 Determining Genetic Factors that Restore Accelerated Growth
Genome editing was used to replace two loci in the 2973-T strain, followed by growth under
conditions that enriched for the non-clumpy phenotype. The enrichment was performed in hopes
that random mutations would accumulate and result in a non-clumpy strain. However, with this
approach it was unknown which specific loci underwent mutations that gave rise to the conversion
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from clumping to planktonic morphology. Therefore, the Synechococcus 2973-T strain
Synechococcus 2973 pilN7942 rpaA7942 line for comparison.

Whole genome sequencing revealed that there were seven loci with genetic differences that could
be causing the clumping phenotype. The differences between the two genomes are displayed in
Table 5.6. Some of these differences are better candidates for causing the clumping
phenotype/difference in natural transformation efficiency based on protein annotation and the
changes in the biochemical structure caused by the mutation.
Table 5.6. Data from whole genome sequencing comparison of clumpy and non-clumpy strains
shows several polymorphic loci between the two sequences. Whole genome Illumina sequencing
analysis of unclumpy Synechococcus 2973-T and clumpy Synechococcus 2973 promoter
pilMNO7942 pilN7942 rpaA7942 strains was performed. Loci in the table are those that were
polymorphic between the two strains, suggesting that one or more of the listed locus/loci are
responsible for the clumping phenotype.
Gene Tag(s)

Gene Function

Nucleotide Change

Change(s) in Protein
Sequence

M744_03955
M744_03965

ABC Transporter
(coding)/SubstrateBinding Protein

Δ 1 bp

Frameshift

PilQ-like (coding)

+G
AàG
AàG

Frameshift
I344V
T345A

TàC

I92T

(G)9 à 10

Frameshift

AàC

Q779P

M744_06035
M744_13325
M744_11110
M744_11115
M744_11615

HAD Family
Hydrolase (coding)
Serine-threonine
protein kinase/CheYlike protein
(intergenic)
PilJ (coding)

PilJ, for instance, is a strong candidate because it has been classified in the literature as a minor
pilin for other species of naturally competent bacteria (Piepenbrink, et al., 2015). The amino acid
change to PilJ occurs in the methyl-accepting chemotaxis domain in the protein tail, which is used
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as a localization signal to ensure transport of pilins to the membrane. Prior to being integrated as
subunits into the transformation pilus, the signal sequence is cleaved. The biochemical change
from an amino acid with a polar side chain to an amino acid with a non-polar side chain could
change the structure of the signaling sequence tail and could prevent cleavage of the signal
sequence. Furthermore, a study in Neisseria gonorrhoeae reported type IV pilus-medidiated
cellular aggregation in pilJ mutant lines, a phenotype that was not exhibited by the deletion pilJ
strains (Carbonnelle, et al., 2006).

Additionally, the PilQ-like protein is a good candidate for causing the clumping morphology and
difference in natural transformation efficiency. PilQ monomers compose the outer membrane pore
through which the transformation pilus protrudes from the cell (Pakrasi and Wendt, 2019). Beczuse
there is a large frameshift mutation in the to the M744_06035 protein sequence, it is difficult to
make predictions about how this protein could be affecting clumping and natural transformation.
However, the protein’s similarity to PilQ make it a promising candidate for causing the phenotypic
differences between the clumpy and un-clumpy strains.

Although there are some promising candidate loci in this set, any of the individual changes or any
combination of the differences may be responsible for the increase in natural transformation
efficiency, increase in growth rate, and abolishment of clumping morphology. Even though the
clumping morphology was not the primary focus of this study, and it was in fact intentionally
abolished, it could be a desirable attribute for researchers seeking a cost-effective way to harvest
cells for biosynthetic production with cyanobacteria. In any case, identifying the limited number
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of genomic differences between the clumpy and un-clumpy strains will enable future research
endeavors on this topic.
Overall, this work used two sister cyanobacteria strains to combine two desirable attributes:
accelerated growth and natural competence. By substituting the alleles from one sister organism
for the alleles of the other, two polymorphic loci were found to play a role in differential natural
competence between Synechococcus 7942 and Synechococcus 2973. One locus had a wellestablished role in natural transformation (pilN), but the other locus has only recently been
associated with natural transformation in cyanobacteria (rpaA). However, just combining these
two alleles was not enough to yield an organism with the desired properties. In order to combine
both accelerated growth and natural competence into a single strain, natural selection was
implemented to remove the clumping morphology and restore accelerated growth to the organism.
The resulting Synechococcus 2973-T strain will fill a niche in cyanobacterial research for a fastgrowing strain that is capable of undergoing natural transformation.

Additionally, the unique form of the Synechococcus 2973 rpaA allele, which behaves differently
than null rpaA, provides a unique opportunity to better understand the mechanism by which natural
transformation is linked to circadian cycling (Markson, et al., 2013). While the null mutant is
locked in a constant down-like transcriptional state, the Synechococcus 2973 allele maintains
cycling, albeit in a dampened manner compared to Synechococcus 7942. Identifying the specific
rpaA targets that are enabling temporal natural competence will be a new research avenue in this
field of study. Furthermore, experiments to understand the prevalence of circadian regulation of
natural transformation across cyanobacterial species will be key in better understanding this
process from an evolutionary perspective.
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Previously, the mechanism by which natural transformation is controlled in Synechococcus
elongatus was a mystery. With data collected in this study, it is now possible to say that circadian
cycling is playing a large role in regulating this process. Now that this information is in hand, the
next step for the cyanobacteria research community will be to better characterize this process by
identifying specific RpaA targets that give rise to temporal natural competence.
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Conclusions and Future Directions
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6.1 Conclusions and Future Directions from Chapter 2
When this project began back in 2015, a CRISPR-based genome editing system had not yet been
established for cyanobacteria. Yet, it was clear that it would be necessary to develop such a system
to facilitate the generation selective marker-free mutants for this project. Although a strategy to
generate selective-marker free mutants in the rps12-R43 mutant background had been previously
developed, this approach lacked the efficiency that would be needed to create the large number of
mutant lines that were required for this study (Matsuoka, et al., 2001). We went on to develop a
CRISPR-based system to be used in Synechococcus UTEX 2973, and this system has served as
the basis for subsequent genome editing systems in cyanobacteria (Ungerer and Pakrasi, 2016).

In addition to developing a system that was capable of selective-marker free targeted genomic
editing, another advantage of the system that we developed was the ability to speed up segregation.
Many cyanobacterial species have multiple genome copies and generating segregated mutant lines
in some of these species can be difficult (Griese, et al., 2011). In the model cyanobacterium
Synechocystis 6803, it can take months to achieve segregation with traditional genetic modification
techniques (Eaton-Rye, 2004). Furthermore, traditional strategies can lead researchers on a neverending search for a segregated mutant because it can be tricky to discern whether failure to achieve
segregation is due to the disruption of an essential gene. This new CRISPR-based system will
continue to aid researches in generating fully segregated mutants more efficiently.

The observation that Cas9 is toxic in Synechococcus 2973 was one that shaped the future of
CRISPR-based systems in cyanobacteria. While we were making observations about Cas9 toxicity
in Synechococcus 2973, discussions with colleagues revealed that they were also struggling with
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Cas9 toxicity when developing systems for other cyanobacterial species (Gordon, et al., 2016).
Although many saw the potential for the new CRISPR-based technology as to be transformative
to cyanobacterial research, the research community as a whole was coming up against the same
roadblock. The development of the Cpf1/Cas12a-based CRISPR system ultimately served as a
workaround for the toxicity issue and became the genome editing system of choice for the
cyanobacteria research community. The Cas12a system maintained the functional components of
the Cas9 system and replaced the nuclease itself (Ungerer and Pakrasi, 2016). This approach
resulted in a CRISPR-based genome editing system that was functional across cyanobacterial
species and has been widely implemented in laboratories performing cyanobacterial research.

After the basic components of the genome editing system had been developed, the retooling of
these modules for other CRISPR-based techniques for cyanobacterial research was soon to follow.
A Cas12a/CRISPRi system was later developed to study the effect of gene knockdowns in the
context of metabolic engineering, and a similar reversable system was developed to study the
physiological effects of reducing expression of essential genes (Knoot, et al., 2019, Liu, et al.,
2020). CRISPRi systems have enabled research studies that were previously difficult to perform
in cyanobacteria. One future direction that has yet to be explored in the context of cyanobacterial
research is the development of a CRISPRa system. With the proven success of the Cas12a
nuclease, it seems that a CRISPR-based system to study gene overexpression in cyanobacteria is
on the horizon.
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6.2 Conclusions and Future Directions from Chapter 3 and 4
The manuscript that explores the genetic basis of accelerated growth in Synechococcus 2973
identified three loci that contribute to the phenotype: ATP Synthase, NAD+ Kinase, and RpaA.
Although the RpaA locus was a surprising discovery, the energy production proteins were logical
candidates for enabling accelerated growth. Rationally, more energy would be needed to fuel
metabolic processes for a cell to achieve fast growth. Physiological studies also revealed that
amounts of ATP and NAD+ differ between Synechococcus 2973 and Synechococcus 7942 cells
(Ungerer, et al., 2018).

The Synechococcus 2973 alpha subunit of ATP synthase has a surface tyrosine instead of cysteine
residue. Surface Cys residues are often hallmarks for redox regulation because they can form
disulfide bonds, thus the Y252C conversion may cause a loss of ATP synthase redox regulation in
the fast-growing strain. The ATP synthase in the Synechococcus 2973 strain produces 44% more
ATP than the model system, suggesting that the fast growth may be present because there is no
longer regulation to “turn off” ATP synthase. The Synechococcus 2973 NAD+ Kinase allele
substitutes an asparagine for a glutamic acid near the active site of the protein. The shorter,
negatively charged side chain of the fast grower is positioned closer to the negatively charged
phosphate on NAD, which results in increased enzyme kinetics.

Comparison of the ATP Synthase and NAD+ Kinase alleles across cyanobacterial species revealed
an interesting phenomenon. Because Synechococcus 2973 exhibited this unique accelerated
growth phenotype, it was assumed that the sequences of these energy production proteins would
distinguish the strain from other cyanobacterial species, which do not double as quickly. However,
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comparison of the alleles for these proteins across cyanobacterial species illustrated that the
Synechococcus 7942 sequences were outliers instead of the Synechococcus 2973 sequences.
Potentially, the laboratory conditions under which Synechococcus 7942 has been cultivated for
decades are not conducive to preserving the fast-growing alleles.

Additionally, another laboratory found that the fast-growing version of the ATP Synthase allele
quickly mutates into the slow-growing version of the allele under normal laboratory conditions
(Ungerer, et al., 2019, Zhou and Li, 2019). It is possible that the ease with which alleles
interconvert is an adaptive mechanism that allows cyanobacterial species to rapidly adjust to
different environmental conditions in the wild (Miller and Burnap, 2018). Particularly, light
intensity can vary greatly for a cyanobacterial cell and the ability to adjust physiology to match
the energy source intensity may increase a cell’s overall fitness. In nature, the polyploidy of the
cyanobacterial genome may also contribute to this adaptive mechanism. If there are some genome
copies in a cell that have the fast-growing version of the allele and some that have the slowgrowing version, there may be the capacity to switch the predominate form of the allele in the
overall population without waiting for a mutation to occur de novo. Furthermore, natural
transformation may facilitate allele switching in a population of cells via horizontal gene transfer.

In any case, this study has revealed an interesting evolutionary phenomenon in addition to
highlighting the importance of energy production on the increased growth rate of a particular
species. Future studies that may seek to examine whether the allele switching in the ATP synthase
that is seen in Synechococcus 2973 is a broader occurrence found across cyanobacterial species.
Repeatedly diluting and outgrowing these strains under low light conditions for an extended period
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of time and then performing whole genome sequencing on the resulting strain may provide
additional insight.

In addition to the energy production proteins that were identified as being causative to differences
in growth rate between Synechococcus 7942 and Synechococcus 2973, the RpaA locus was also
found to contribute to accelerated growth (Ungerer, et al., 2018). A large body of research has
already been performed on this global circadian transcriptional regulator, and it is known to control
the expression of genes for a plethora of cellular processes (Markson, et al., 2013). The RpaA locus
has two sequences that are polymorphic between Synechococcus 7942 and Synechococcus 2973.
There is a seven base pair deletion in the Synechococcus 2973 rpaA promoter and there is a K144E
mutation in DNA binding region of the protein. These differences result in both a change in the
amount of RpaA present in the cell and the affinity with which RpaA binds to its targets.

RNA-sequencing revealed that transcription of 15% of the genes were significantly upregulated in
Synechococcus 2973 compared to Synechococcus 7942 and that the transcription of 51% of genes
was significantly downregulated (Ungerer, et al., 2018). This finding suggests that Synechococcus
2973 focuses more of its resources on a few specific physiological processes. Gene enrichment
analysis showed that processes that were upregulated in the fast grower were Glycolysis/
Gluconeogenesis, ribosomal maintenance, photosynthesis specific carbon fixation, and ABC
transport. This study established a connection between RpaA variants and accelerated growth;
however, the specific rpaA targets that are undergoing differential transcription to achieve
accelerated growth have not yet been discerned.
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Future studies to identify the specific differentially expressed RpaA targets contributing to
accelerated growth could aid in understanding the specific mechanisms through which the
Synechococcus 2973 rpaA allele lends itself to achieving a reduced doubling time. CRISPRi and
CRISPRa technology may be implemented to aid in increasing and decreasing the expression of
specific rpaA targets to see if these changes affect growth rate. The capacity to influence the
expression of multiple targets at once with this technology will allow multiple targets to be
assessed simultaneously.

6.3 Conclusions and Future Directions from Chapter 5
The natural transformation data that was collected provided some key insights on this process in
cyanobacteria. In a general sense, knowledge about specific donor DNA characteristics that
increase natural transformation efficiency was gained through this study.

Methylated donor DNA was found to transform at a higher rate than unmethylated DNA. The
methylated donor DNA was isolated from DH5-α E. coli cells, and it is likely that the native Dcm
methylase protected against the Synpcc7942_2459 endonuclease that is a part of the
Synechococcus elongatus Type II restriction system. The Dcm protection could be confirmed by
generated an E. coli deletion mutant line of the methylase, transforming donor DNA into the strain,
isolating the donor DNA from the strain, and using the donor DNA for natural transformation in
Syenchocccus 7942. The donor DNA that had these methylation decorations transformed into
Synechococcus elongatus 7942 cells with a significantly increased natural transformation
efficiency compared to unmethylated DNA. This data will aid future researchers who are
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experiencing difficulty with the natural transformation; simply passaging the donor DNA through
E. coli may solve the problem. Furthermore, for those seeking to naturally transform cyanobacteria
that have thus far proven recalcitrant to transformation in the lab, generating an E. coli strain with
methylases that protect against the specific cyanobacterial restriction system may be the key to
success.

Additionally, the data presented in this chapter provided another general insight on natural
transformation in Synechococcus elongatus: the presence of non-homologous sequence flanking
the homology regions on donor DNA resulted in a remarkable increase in natural transformation
efficiency. Experiments with various donor DNA constructs suggested that these flanking
sequences may serve as buffers for the homology arms. Although previous literature has suggested
that the exonuclease RecJ may be the culprit for this phenomenon, further experiments are needed
to confirm that this enzyme is responsible (Kufryk, et al., 2002). Because of the magnitude of the
transformation efficiency difference facilitated by flanking buffer regions, it is worthwhile to
examine this effect across cyanobacterial species. In some bacterial species, RecJ is required for
recombination, but in others, RecJ is not necessary (Lovett and Kolodner, 1989). A RecJ deletion
strain has been generated in the cyanobacterium Synechocystis sp. PCC 6803, and the strain was
found to be capable of recombination (Kufryk, et al., 2002). This data suggests that the
Synechococcus 7942 recJ deletion strain would likely be viable and capable of undergoing
recombination. Future experiments on this strain could determine the amount of buffer sequence
that is needed to “negate” the effects of RecJ on transformation efficiency. Furthermore, the data
from such a study could enable experimental transformation in other cyanobacterial species by
simply using a donor DNA fragment with built-in buffer sequences. Deleting recJ in
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cyanobacterial strains that have thus far shown recalcitrance to natural transformation but are
transformable with other techniques may also enable natural transformation in these species.

In addition to providing information on the basic biology of cyanobacterial natural transformation,
the Chapter 5 data also provided specific information on genetic loci that contribute to differential
natural transformation between Synechococcus 7942 and Synechococcus 2973. One such locus is
the polymorphic pilN allele. This protein, which aids in aligning the pilus anchor with the outer
membrane pore through which the pilus protrudes, is truncated in Synechococcus 2973 but intact
in Synechococcus 7942. Replacing the Synechococcus 2973 pilN allele with the Synechococcus
7942 allele results in a strain that is transformable at a basal level.

Additionally, the polymorphic rpaA locus, which was also found to contribute to accelerated
growth in Synechococcus 2973, was found to cause differential natural transformation in the two
strains. This data shows that natural transformation is one of the many processes that is regulated
by circadian rhythm in the cyanobacterial cell. The link between circadian control and natural
transformation was initially suggested by data from experiments that were performed in Lou
Sherman’s Lab decades ago (Golden and Sherman, 1984). Natural transformation was found to
happen more efficiently in cells that underwent an overnight dark incubation followed by an
incubation of several hours in the light. With this new data in hand on RpaA, it is now possible to
say that this treatment was synchronizing the circadian rhythm of cells that were grown in constant
light.
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Recently, a study was performed in Synechococcus 7942 that screened a randomly barcoded
transposon library for mutants with natural transformation fitness biases (Taton, et al., 2020). This
study identified rpaA as essential for natural transformation. The Taton et al., 2020 study also
pulled out other genes that enable circadian cycling, pilus apparatus components (including pilN),
and recombination genes. Although the Taton study identified the genes that are needed for natural
transformation to occur, the manner by which RpaA controls this process is unclear. Future studies
should seek to determine the specific RpaA targets whose expression is contributing to the
regulation of natural transformation in Synechococcus 7942.

The Synechococcus 2973 version of rpaA provides a unique opportunity to better understand the
process by which natural transformation is controlled. The Synechococcus 7942 rpaA deletion
strain is locked in a constant dawn-like state and overexpression strains are locked in a dusk-like
state (Markson, et al., 2013). However, the Synechococcus 2973 version of rpaA maintains cycling,
even though the transcriptional levels are dampened compared to the sister strain. By comparing
the transcriptional variations between the Synechococcus 7942 and Synechococcus 2973 versions
of RpaA, it is possible to parse out the specific RpaA targets that are enabling temporal natural
competence.

The first step of this study has already been performed: RNA-sequencing analysis on the
Synechococcus 7942 and Synechococcus 7942 rpaA2973 strains. The next step will be to
individually assess RpaA targets whose differential expression may be contributing to the
difference in natural competence between Synechococcus 7942 and Synechococcus 2973. More
broadly, this would provide insight on how RpaA regulates natural competence. CRISPRi and
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CRISPRa technologies would be useful in this context; genes that are downregulated by
Synechococcus 7942 RpaA could be upregulated temporally using CRISPRa and genes that are
upregulated could be downregulated using a CRISPRi system. These studies would be performed
in the Synechococcus 7942 rpaA2973 background. The synthetically regulated strains could then be
assessed for natural competence. Cyanobacterial physiology is largely dependent on appropriate
circadian cycling. Judicious allocation of cellular resources has enabled these organisms to survive
stressful conditions and to adapt to diverse and environments. Understanding how RpaA
schematically regulates natural competence while coordinating a multitude of other cellular
processes is key to obtaining insight into cyanobacterial biology.

The Taton et al., 2020 study also allow the genomic analysis of DNA uptake genes that is discussed
in Chapter 1 to be revised. Now that all of the genes that are required to enable natural
transformation in one species of cyanobacteria have been identified, it is possible to add newly
identified genetic components into this analysis to determine whether these components are
present in additional cyanobacterial species and infer which other species may be capable of
undergoing natural transformation. With this analysis, candidate cyanobacterial species with
unique physiological characteristics such as nitrogen fixation capacity and binary fission cell
division may be assayed for genetically tractability. Furthermore, now that circadian cycling and
darkness have been found to facilitate natural transformation in one cyanobacterial strain, when
initial experimentation is performed to transform novel cyanobacterial species, it would be sensible
to grow cells under dark/light conditions. Certainly, additional experimentation will be needed to
determine whether RpaA plays a role in facilitating natural transformation in other cyanobacterial
species.
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In conclusion, this study produced a fast-growing strain that is capable of undergoing natural
transformation and will be. However, perhaps the more important finding of this work is in the
greater context of understanding cyanobacterial physiology; the Synechococcus 7942/
Synechococcus 2973 natural transformation dichotomy has provided key insights into
cyanobacterial natural transformation and will enable future studies to better understand this
process.
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